Initial sperm-egg binding in mammals involves recognition of glycosylated proteins of egg zonae by glycosylated proteins on sperm surfaces. Egg zona protein structure is relatively simple, and has been strongly conserved. Species specificity must reside in the carbohydrate modifications on the egg surface, and in the co-ordinated assembly of a unique cohort of sperm proteins at capacitation. 
Introduction
. This review will focus on the contribution of carbohydrates to the regulation of zona functions (ii) and (iii). A cascade of cell-cell interactions is required to achieve Interactions between carbohydrates on the extracellular fertilization in mammals. Upon ejaculation and residence in matrix of the egg and glycoproteins on the sperm surface the female reproductive tract, mammalian spermatozoa then:
provide the molecular basis for gamete recognition and adhe-(i) bind to oviductal cells; (ii) undergo capacitation; (iii) sion in species as diverse as sea urchins (Garbers, 1989) , respond to chemoattractants; (iv) penetrate the cumulus comascidians (Rosati, 1985) , amphibians (Gerton, 1985) , algae plex; (v) bind to the zona pellucida; (vi) undergo an acrosome (Callow et al., 1985) , mouse ) and reaction; (vii) enter into the perivitelline space after passage man (Benoff et al., 1995a) . In general, a compulsory order of through the zona; (viii) bind to the egg plasma membrane; initial interactions of mammalian spermatozoa and eggs is (ix) fuse with the egg plasma membrane, and (x) be drawn observed: (i) attachment or adhesion; (ii) tight binding, and into the ooplasm and undergo nuclear decondensation and (iii) secondary binding . Attachactivate zygote development (Yanagimachi, 1994; Snell and ment is defined as relatively loose, non-specific association of Myles and Primakoff, 1997) . Although the sperm the sperm head plasma membrane with the zona pellucida. surface plays an active role in the regulation of this pathway, Attached spermatozoa can be readily dissociated from the zona it is clear that carbohydrates of one of the three barriers that by pipetting. Tight binding is the relatively tenacious interaction the spermatozoa must cross, i.e. the zona pellucida, strongly between acrosome-intact, capacitated spermatozoa and the contribute to the modulation of steps (v) to (vii) . zona pellucida which is species-specific and regulated by The zona pellucida, which surrounds the plasma membrane glycoproteins. Spermatozoa which are tightly bound to the zona of mammalian oocytes, is a relatively thick, highly glycosylated can not be removed by vigorous pipetting. The physiological extracellular matrix. This matrix plays at least four important acrosome reaction occurs after tight binding. Secondary binding roles during development: (i) regulation of normal endocrine is thought to maintain zona binding by acrosome-reacted profiles during folliculogenesis; (ii) formation of a barrier spermatozoa. Herein, the molecules which participate in the to heterospecific fertilization; (iii) formation of a block to complementary, carbohydrate-based binding processes which polyspermic fertilization in some mammals; and (iv) protection regulate initial specific interactions between mammalian spermof the embryo during preimplantation development (Bronson and McLaren, 1970; Keenan et al., 1991; Yamagimachi, 1994;  atozoa and ovum, and thus fertilization, will be reviewed.
S.Benoff
The first section of this review summarizes the recent Table I . Advanced methods which have aided in the study of the structure advances in glycobiology that have permitted the dissection and function of glycoproteins (Adapted from Noguchi et al., 1992; Lis and of the mechanisms by which carbohydrates regulate sperm- Sharon, 1993; Varki, 1993; zona pellucida binding and induction of the acrosome reaction.
Chemical methods
In the second section, the structure of the zona pellucida in a the identification of sperm receptors for zona carbohydrate ligands. Recent data from my laboratory on how expression of sperm surface carbohydrate binding sites can affect the and modifications are most likely to mediate specific biological roles (Varki, 1993) . Further, most glycoproteins contain more outcome of human in-vitro fertilization (IVF) is included in this review. From the findings presented in this section, it will than one glycan, and glycan heterogeneity at a single attachment site is often observed (e.g. Mori et al., 1991) . Intra-species become evident that fertilization mechanisms in man cannot necessarily be equated with those in animal models. The polymorphisms in glycan structure have been noted (Varki, 1993) . As a result, a variety of functions can be ascribed to concluding section summarizes the complex roles of carbohydrates in the sequence of sperm-egg interactions leading to the carbohydrate modifications of proteins. The common features of the varied functions is that they either mediate fertilization and addresses issues that remain to be resolved. specific recognition events (e.g. cell-cell; cell-matrix; immune responses; binding of noxious agents; facilitators of infectious
Recent advances in carbohydrate biochemistry
and malignant disease) or that they modulate protein function (e.g. ligand binding; intra-and inter-cellular trafficking; The last 10 years have been witness to major advances in our understanding of the function of glycoproteins (Lis and Sharon, stability/clearance/turnover; storage depot for biologically important molecules) (Varki, 1993 (Varki, ). 1993 Varki, 1993) . This is the result of the development of a variety of methodologies to study the structure and function Glycans can be linked to proteins through the nitrogen ('Nlinked') of asparagine, through the β-hydroxyl groups ('Oof carbohydrate chains ('glycans') (see Table I ). The addition of carbohydrates, 'glycosylation', is the most common form linked') of serine and threonine and, to lesser extent, of tyrosine, 5-hydroxylysine and 4-hydroxyproline, through a of covalent modification of newly synthesized proteins (Kobata, 1992) . Glycans, oligosaccharides [composed of 2-10 monoglycosyl-phosphatidylinositol ('GlPtdIns') anchor or through a carbohydrate-peptide bond (Table II) . In the latter two saccharide units (simple sugars)] and polysaccharides (long linear or branched chains of many monosaccharide units), are linkages, the carbohydrate chain is attached respectively, to the carboxyl terminal amino acid of the protein by ethanolamine secondary gene products. It must thus be emphasized that, while the polypeptide backbone sequence of a glycoprotein is phosphate or by covalent linkage of 3-hydroxyl of monomeric or polymeric ADP-ribose to a variety of amino acids ('ADPdirectly correlated with the sequence of bases in DNA, the addition and structure of carbohydrate chains is cell-, tissueribosylation'). As these do not represent glycosylation in the strict sense, as a direct glycosidic linkage between protein and and species-specific (Kinloch et al., 1991; Kobata, 1992; Lis and Sharon, 1993; Varki, 1993) . Biological or functional carbohydrate is absent, these novel linkages will not be further addressed in this review. Finally, sugars also form links nondiversity is generated by the combination of monosaccharides present: by their sequence, chain length, branching points, enzymatically in vivo to the epsilon amino group of lysine. These adducts further react to form advanced glycation prodlinkages, anomery (α, β) and/or covalent attachment of modifying groups (sulphate, phosphate, acetyl, methyl). However, ucts, which have clinical significance in diabetes. These modifications are also excluded from this review. extant data suggest that terminal sequences, unusual structures 1987), is now a target for immunocontraception (Paterson Table II . Protein-carbohydrate linkages (adapted from Lis and Sharon, and Aitken, 1990; Epifano and Dean, 1994) . In addition, 1993) carbohydrates can participate in protection of the embryo from (Clark et al., 1996b) . Glycodelin contains fucosylated glycans Serine/Threonine O Mannose (Dell et al., 1995) system to the fetus (Clark et al., 1995 .
The most important role of N-linked glycans, however, is in (HCG) . N-linked glycans facilitate correct disulphide bond formation and thereby assist in the N-linked glycans share a common biosynthetic pathway (Kornfeld and Kornfeld, 1985; Elbein, 1991; Goochee folding of the β-subunit of HCG; the unglycosylated protein folds more slowly and is more easily degraded (Feng et al., et al., 1991) . A pre-synthesized oligosaccharide moiety (Glc 3 Man 9 GlcNAc 2 ; see abbreviations in legend to Figure 1) 1995). The glycan structure of the α subunit of HCG regulates its ability to interact with the β subunit to form the mature is co-translationally transferred from a lipid (dolichyldiphosphate) to the nascent polypeptide chain in the endoplasmic hormone (Blithe, 1990) . In addition, N-linked glycans on the α subunit modulate signal transduction, leading to the production reticulum. Further processing (trimming and addition) in the endoplasmic reticulum and Golgi apparatus generates high of cAMP and steriodogenesis, after receptor binding (Matzuk et al., 1989; Sairam, 1989) . The native hormone and its deglymannose ( Figure 1A ), hybrid or complex ( Figure 1B ) oligosaccharide structures which contain a common pentasaccharide cosylated analogue apparently interact with a different domains of the HCG receptor . Secondly, examination of core (Kobata, 1992) . Potential glycosylation sites along a polypeptide backbone for N-linked glycans can be identified wild-type and mutant rat luteinizing hormone receptor (LHR) expressed in insect cells indicates that N-linked oligosaccharide from the consensus sequence Asn-Xaa-Ser/Thr (Struck and Lennarz, 1980) . Whether or not a particular asparagine residue chains regulate intramolecular folding of the LHR required to achieve high affinity ligand binding (Zhang et al., 1995) . Thirdly, associated with this consensus sequence is glycosylated is dependent, in part, on protein conformation (Marshall, 1972) .
N-linked glycans regulate the enzymatic activity of plasminogen activator by modulating the conversion of single chain to double The asparagine must be in an exposed position to be available for glycosylation, such as in a β-loop.
chain forms and also limit their susceptibility to serum and tissue-derived protease inhibitors (Wittwer et al., 1989 ; Wittwer N-linked glycans modulate the physiochemical properties of the proteins to which they are attached by altering solubility, and Howard, 1990; Howard et al., 1991) . Plasminogen activator is a key enzyme in the proteolytic cascade leading to follicular surface charge and adhesive properties. N-linked glycans can stimulate the immune response by acting as immunodeterminrupture (Canipari and Strickland, 1986; Sappino et al., 1989) . ants, as in human blood group antigens (Watkins, 1987) , or O-linked glycans by activating the complement system (Sim and Malhotra, 1994) . In the context of reproduction, it has been well O-linked glycosylation, in contrast to the N-linked process, occurs exclusively in the Golgi apparatus. A preformed, lipiddemonstrated that carbohydrate moieties on the sperm surface play an important role in immune infertility (see below), a coupled oligosaccharide precursor does not exist. Instead, the covalent attachment of N-acetylgalactosamine to an acceptor problem which affects Ͼ10% of all couples seeking fertility evaluation Isojima, 1989) . Plasma memamino acid is through an α1 linkage in the O-linked glycosylation pathway ( Figure 1C ). Nucleotide sugars serve as subbrane antigens provide potential immunogens for the development of contraceptive vaccines (e.g. Anderson and Alexander, strates for all steps in O-linked glycan processing. The specific polypeptide chain structural requirements for the addition of 1983; Liang et al., 1994) . Likewise, it is not unexpected that the zona pellucida, a glycosylated structure which is highly O-linked oligosaccharides remains to be determined (Sadler, 1984; Carraway and Hull, 1989; Wilson et al., 1991) . antigenic (e.g. Sacco, 1977; Sacco et al., 1986; Yurewicz et al., S.Benoff Mori et al., 1991; Hokke et al., 1994) . (C) O-linked glycan common to proteins expressed by many mammalian somatic cells (adapted from Goochee et al., 1991) . (D) O-linked glycan from mouse ZP3 (adapted from Nagdas et al., 1994) . (E) Consensus sequence of blood group-related oligosaccharides that inhibit binding of mouse spermatozoa to mouse ova (adapted from Litscher et al., 1995) . *Asn ϭ asparagine; Ser ϭ serine; Thr ϭ threonine; Fuc ϭ fucose; Gal ϭ galactose; Glc ϭ glucose; Man ϭ mannose; GlcNAc ϭ N-acetylglucosamine; GalNac ϭ N-acetylgalactosamine; NeuAc ϭ N-acetylneuraminic (sialic) acid.
O-linked glycans alone account for the zona's sperm receptor 1995), and leukocyte homing to activated platelets or endothelium (Gahmberg et al., 1992; McEver, 1994) . Fertilization is activity in the mouse (Florman and Wassarman, 1985) and, where information on sugar chain composition is available, a specialized form of cell-cell recognition. Although the mouse is the best studied system with regard other mammals (e.g. Yurewicz et al., 1991) .
to the role of carbohydrates in fertilization mechanisms Carbohydrates as cellular recognition determinants Epifano and Dean, 1994) , fragmentary data from other mammalian systems Both O-linked and N-linked glycans serve as recognition determinants in targeting proteins to a cellular or tissue is also available. As such, this review will touch upon information gathered from different species as appropriate. compartment (e.g. Dahms et al., 1989) , binding of pathogenic organisms to animal cells (e.g. Gambaryan et al., 1995), neural Where possible, correlations between saccharide moieties, glycan receptors and outcome of human IVF will be examined adhesion, including cell interactions during development, modification of synaptic activity and regeneration of nerve connecin order to help evaluate the precise carbohydrate binding criteria necessary for human fertility. tions after damage in the adult (e.g. Schachner and Martini, (Loret de Mola et al., 1996) , it will be of interest to determine how differential alterations in these two layers might affect female fertility potential. Thus, polarization microscopy can potentially have an important impact upon clinical practice. In this review, however, the discussion will focus on the outer layer of the zona pellucida as it provides the ligands required for initial sperm binding and induction of the acrosome reaction.
Structure of the zona pellucida
The mammalian zona pellucida is composed of three secreted sulphated glycoproteins, zona protein 1 ('ZP1'), zona protein 2 ('ZP2Ј) and zona protein 3 ('ZP3Ј) (Shimizu et al., 1983; Wassarman, 1988) , which form heteropolymer filaments of ZP2/ZP3 which are cross-linked by ZP1 (Greve and Wassarman, 1985) . Each contains a signal peptide, which directs their secretion and is absent from the amino terminal microscope and digital image processing ('pol-scope'). In the polsequence of the mature molecule, and possesses very little α-scope image the zona pellucida is divided into outer and inner helical structure. In addition, each polypeptide contains a layers, each layer displaying birefringence. The orientation of the highly hydrophobic region at its carboxy terminus which may birefringence axis is indicated by the black lines drawn on a regular grid throughout the image. The measured birefringence axis modulate the formation of the recognizable structural repeat indicates the orientation of filament arrays which are likely to (Liang et al., 1990) . The importance of this region is discussinduce the birefringence in the zona. The slow axis of birefringence ed below.
(filaments) in the outer layer is oriented tangentially while in the Early evidence for conservation of zona pellucida componinner layer the slow axis orientation is radial (Keefe et al., 1996) . ents across species was obtained from the examination of (Photograph generously provided by Dr David Keefe, Brown University School of Medicine, Providence, R.I., and Dr Rudolf antigenic epitopes (Sacco, 1977; Sacco et al., 1981) . AntiOldenbourg, Marine Biological Laboratory, Woodshole, MA, USA).
human ovary sera prepared in rabbits cross-reacted with isolated pig zona pellucida. Similarly, the cross-reactivity of anti-pig ovary sera for human zona pellucida was demonstrated
Zona pellucida
by agar-gel immunodiffusion, by formation of a precipitation Spermatozoa, particularly those of man, do not readily adhere layer on the zona, and by indirect immunofluorescence cytoto the oocytes of foreign species (Austin and Bradin, 1956;  chemistry. The advent of cDNA technology has permitted the Bedford, 1977; Oehninger et al., 1993) . detailed characterization of the structure and sequence of the The zona pellucida, an extracellular glycoprotein matrix surgenes encoding these proteins (Harris et al., 1994) . The high rounding the oocyte, thus provides a barrier to cross fertilizadegree of homology of their DNA and deduced amino acid tion. During evolution, as the oocyte has become smaller, its sequences in mouse, human, rabbit, cat, dog and pig indicate extracellular vestments have disproportionally increased in the existence of three highly conserved gene families. The size, e.g. compare those of monotreme, marsupial and eutherian regions which have been most highly conserved are postulated mammals (Bedford, 1991) . Concomitantly, novel sperm head to be important in maintenance of the three-dimensional features have been developed, including decreased enzymic structure of the zona (Epifano and Dean, 1994) . It is also content of the acrosome, so that for the spermatozoa to achieve interesting to note that the amino acid sequences of these zona penetration of oocytes of their own species both lysis proteins are not significantly similar to characterized proteins and thrust (hyperactivated motility) are required. In some from somatic cells. However, as mentioned above, both ZP2 limited cases where interspecies sperm-egg interactions have and ZP3 have a very hydrophobic region near their respective been studied in vitro, however, sperm motility has been sufficarboxyl termini (Liang et al., 1990; Liang and Dean, 1993a) . cient to allow penetration of the zona without prior acrosome
The three-dimensional structure of this region (based on the exocytosis (Wakayama et al., 1996) . Nevertheless, it is safe to pattern of cysteine, hydrophobic, polar and/or turn-forming assume that such obviation of zona pellucida specificity was residues and not on amino acid sequence conservation) appears largely artefactual as attempts at interspecies breeding are not to be shared with regions in the extracellular domain of somatic likely to occur in vivo.
cell proteins such as uromodulin, βglycan [transforming growth The zona pellucida of most nonrodent species can be factor (TGF)-β type III receptor] and the major zymogen resolved into a bilaminar structure consisting of an inner granule membrane protein (Bork and Sander, 1992) . It must (oocyte-proximal) layer and an outer (oocyte-distal) layer, by be noted that the common biological property of the somatic cell lectin binding (Shalgi et al., 1991; Maymon et al., 1994) and membrane-bound proteins which contain the shared domain is electron microscopy (Dunbar et al., 1991) and more recently that all have been detected in soluble form (Bork and Sander, by non-invasive polarization microscopy (Keefe et al., 1996; Lopez-Casillas et al., 1994) . Although the function of see Figure 2 ). As abnormal zona pellucida quality (thickness) this shared structure remains unknown, it has been postulated may contribute to infertility at the level of embryo implantation (Cohen et al., 1989 (Cohen et al., , 1992 , particularly in the older woman that it may regulate protein stability or interaction of these S.Benoff proteins in the pericellular environment (Liang and Dean, amounts of sialic acid ( Figure 1B ; Mori et al., 1991; Tulsiani et al., 1992; Nagdas et al., 1994) . In the mouse and in the pig, 1993a; Lopez-Casillas et al., 1994) .
Using [ 35 S]-methionine, [ 3 H]-fucose, specific antibodies, gel these are highly heterogeneous in structure (Mori et al., 1991; Yurewicz et al., 1991; Noguchi et al., 1992 ; Noguchi and and in-situ hybridization, it has been ascertained that the genes encoding ZP1, ZP2 and ZP3 are transcribed and translated Nakano, 1993; Hokke et al., 1994) . As these sulphated glycoproteins behave as acidic species (Sacco et al., 1981) , Yurewicz during the 2 week oocyte growth phase, where they represent 7-8% of total protein synthesis (Bleil and Wassarman, 1980b; have postulated that their N-linked glycans represent the mammalian analogue of sulphated fucan anionic Salzmann et al., 1983; Ringuette et al., 1986 Ringuette et al., , 1988 Philpott et al., 1987; Roller et al., 1989; Liang et al., 1990) . While polysaccharides found in the jelly coat of sea urchin eggs (DeAngelis and Glabe, 1987) . Asparagine-linked sugar expression of ZP2 and ZP3 is restricted to the oocyte proper, there is some evidence that ZP1 transcripts may be transiently moieties are, however, not required for secretion . Periodic acid Schiff staining and antibody expressed in granulosa cells (Lee and Dunbar, 1993) . Although once secreted, these proteins have a long half-life (Ͼ100 h;
and lectin binding studies suggest that additional modifications in the content and distribution of sugar residues in the secreted Bleil and Wassarman, 1980c; Shimizu et al., 1983) , zona pellucida protein synthesis is strictly correlated with mRNA proteins occur following ovulation (Sakai et al., 1988; Kaufman et al., 1989; Shalgi et al., 1991) . As a result of their extracellular levels and both decline in fully grown oocytes. ZP2 and ZP3 transcripts in ovulated eggs are 200 nucleotides shorter than location, 'structural', 'barrier' and 'recognition' functions can be ascribed to the carbohydrates of the zona pellucida. those of growing oocytes, presumably due to deadenylation (Liang et al., 1990) . As a result of both low copy number and Primary role in sperm-egg interactions an inability to translate the shortened transcripts, zona pellucida protein synthesis is not detectable in ovulated eggs.
A considerable body of evidence indicates that ZP3 serves as the primary sperm receptor regulating tight binding to the zona In the mouse, ZP1, ZP2, and ZP3 exhibit apparent molecular weights of 185-200 kDa, 120-140 kDa and 83 kDa respectively pellucida. For example, purified mouse ZP3 competitively inhibits binding of mouse spermatozoa to mouse eggs in vitro (Greve and Wassarman, 1985) . As ZP1 is thought to serve primarily as a structural protein and may not contain N-linked (Bleil and Wassarman, 1980a; Florman et al., 1984; Florman and Wassarman, 1985; Endo et al., 1987 ; Leyton and Saling, oligosaccharide side chains (Tulsiani et al., 1992) , glycan modifications have been better studied in ZP2 and ZP3. These 1989a). ZP1 and ZP2 lack this inhibitory activity. Mouse spermatozoa bind by their heads to the zona matrix (Drobnis polypeptides contain high percentages of proline, serine and threonine residues. Although the sequence for ZP2 encodes and Katz, 1991) . Similarly, binding of purified mouse ZP3 is restricted to the plasma membrane overlying the acrosome seven sites which could direct N-linked glycosylation and more than 100 amino acid residues that could serve as receptors (Wassarman et al., 1985b; Bleil and Wassarman, 1986) . Only mouse spermatozoa with intact acrosomes have the capability for O-linked glycosylation, the core secreted protein contains six complex-type N-linked glycans and an undetermined numof binding to purified zona pellucida proteins from unfertilized mouse eggs. Consistent with this, binding of purified mouse ber of O-linked glycans (Greve et al., 1982; Liang et al., 1990) . ZP3 contains six potential sites for N-linked glycosylation, of ZP3 is restricted to acrosome-intact mouse spermatozoa and is not observed on spermatozoa which have undergone an which 3-4 are used, and, similar to ZP2, an undetermined number of O-linked sugar side chains attached at Ͼ70 potential acrosome reaction (Bleil and Wassarman, 1986) . As would be expected, ZP3 purified from mouse embryos fails to bind to sites (Salzmann et al., 1983; Harris et al., 1994) . Differences detected between species with regard to sizes of homologous mouse spermatozoa or inhibit sperm-egg binding in vitro. As a consequence of fertilization, the zona pellucida is modified zona proteins (e.g. Shabanowitz and O'Rand, 1988a) are attributed to differences in glycosylation. As a result, human such that mouse sperm receptor activity is lost Wassarman, 1983, 1988) . zona pellucida glycoproteins appear to be of a lower molecular weight than their mouse counterparts (Liang and Dean, 1993b) .
The link between zona pellucida fine structure and sperm binding capability has been investigated both biochemically In addition, although only a single ZP3 polypeptide is synthesized in mice, at least two ZP3 isoforms are expressed by pig and by electron microscopy. Superficial pores very similar in diameter to size of the sperm head have been detected on zona and human oocytes (Hedrick and Wardip, 1986; Yurewicz et al., 1987; Shabanowitz, 1991; Bercegeay et al., 1995) . pellucida of unfertilized human oocytes (Nikas et al., 1994) ; these pores may be essential to fertilization. The anterior portion Both N-linked and O-linked oligosaccharides are added prior to secretion by synthetic pathways similar to those utilized in of the human sperm head has been observed to initially penetrate the zona pellucida through these pores in the zona surface (Tsuiki somatic cells Salzmann et al., 1983; Wassarman, 1988) . For N-linked glycans, high mannose et al., 1986; Familiari et al., 1988) . Treatment of human zonae in vitro which increase the number of these pores is associated oligosaccharides added to nascent chains are processed to complex-type moieties in the Golgi. The N-linked glycans of with a dramatic increase in sperm binding (Henkel et al., 1995) . Fertilization, atresia or artifical egg activation with ionophores mouse ZP2 and ZP3 have very similar structures (Noguchi and Nakano, 1993) . The N-linked oligosaccharides of mouse results in oocyte cortical granule dehiscence which mediates chemical modifications of the zona (Gulyas, 1980) . The proteo-ZP3 are complex type (bi-, tri-, and tetra-antennary) containing linear N-acetyllactosamine repeats formed on a fucosylated lytic activity of the cortical granule exudate (Gwatkin et al., 1973) may, in part, be responsible for the loss of sperm binding trimannosyl core which may or may not contain significant activity and the block to polyspermy. In man, these functional spermatozoa and reduce sperm-zona binding. Fourthly, ZP3 treated with endoglycosidase F to selectively remove N-linked changes are correlated with changes in the three-dimensional structure of the zona, from one of numerous elastic ring shaped glycans and untreated, control ZP3 were equally effective in reducing the number of spermatozoa bound to mouse egg hoops with superficial pores to an amorphous mass without pores (Familiari et al., 1988; Nikas et al., 1994) . It has been postulated zonae pellucidae in an in-vitro competition binding assay (Florman and Wassarman, 1985) . All of the above data were that the condensation of the outer layer of the zona pellucida causes disorientation of sperm binding sites (Familiari et al., obtained using native ZP3 polypeptides. Recently, recombinant ZP3 (rZP3) has been synthesized in tissue culture cells (Kinloch 1988; Shabanowitz and O'Rand, 1988b) . The changes in structure associated with fertilization are more dramatic at the level et al., 1991; Beebe et al., 1992) . When expressed in cell lines with the capacity to synthesize a wide variety of oligosaccharof the inner zona, and consistent with prior evidence, the cortical granule release block to polyspermy acts at the level of the inner ides, the ligand activity of rZP3 in sperm-zona pellucida binding competition assays is indistinguishable from that of zona in mouse (Sathananthan et al., 1982; Trounson, 1982, 1985) . the native molecule. These arguments are further supported by studies indicating that: (i) human rZP3 must be appropriately The migration of ZP3 on sodium dodecyl sulphate (SDS)-polyacrylamide gels is unchanged by the cortical granule glycosylated to be biologically active (Barratt et al., 1994; Van Duin et al., 1994) ; (ii) O-linked glycosylation is an important reaction . Loss of ZP3 sperm binding activity and the contribution of ZP3 to the block to polyspermy step in the processing of human rZP3 (Van Duin et al., 1994) ; (iii) O-linked oligosaccharide ligands mediate pig sperm after fertilization has been attributed to the removal of terminal carbohydrate residues from ZP3-linked oligosaccharide chains adhesion to ZP3 (Yurewicz et al., 1991; Dostalova et al., 1995b) ; and (iv) deglycosylated pig ZP3 lacks sperm receptor by glycosidases in the cortical granule exudate (Miller et al., , 1993 . In contrast, the electrophoretic mobilities of ZP1 activity and is unable to elicit the production of antibodies which can block sperm-zona binding in vitro (Berger et al., and ZP2 are dramatically altered following fertilization. In the mouse, ZP2 is modified by limited proteolysis via a proteinase 1989a; Sacco et al., 1989) . Evidence has been presented indicating N-linked neutral associated with the cortical granules (Bleil et al., 1981; Moller and Wassarman, 1989; Moos et al., 1994; Ducibella et al., carbohydrate chains of porcine ZP3 may also contribute to its sperm receptor activity (Noguchi et al., 1992) . Competition of 1995). Although preliminary data suggest the human ZP2 may be similarly modified (Moos et al., 1995) , a significant body sperm-zona binding by such N-linked oligosaccharides is, however, only observed at or above concentrations equivalent of evidence indicates that species specific changes occur in ZP1 such that ZP1 of human oocytes, but not that of mouse to 500 zonae pellucidae. The high concentrations required to effect inhibition of sperm binding suggest that N-linked glycans oocytes, is modified by proteolysis or deglycosylation after fertilization (Shabanowitz and O'Rand, 1988a ; Bercegeay play a minor role at best in regulating species-specific gamete interactions. In addition, sperm binding activity was retained et Ducibella et al., 1995; Moos et al., 1995) .
by porcine ZP3 digested with endo-β-galactosidase, which O-linked oligosaccharide chains regulate sperm removes peripheral sulphated polylactosamines of N-linked binding glycans (Sacco et al., 1989) . Further, sperm receptor activity was retained by ZP3 containing truncated O-glycans and by Although the ability of monosaccharides, various complex moieties and lectins to effectively block tight binding of truncated O-glycans liberated by alkaline-borohydride treatment (Sacco et al., 1989; Yurewicz et al., 1991) . Similarly spermatozoa to homologous oocytes in vitro has been examined in a number of mammalian species including man (Oikawa truncated (trisaccharide) O-linked chains of mouse ZP3 can inhibit mouse sperm-zona attachment (Nagdas et al., 1994 (Nagdas et al., ). et al., 1974 Huang et al., 1982; Shur and Hall, 1982b; Ahuja, 1985; Shalgi et al., 1986; Mori et al., 1989; The latter findings are consistent with the hypothesis that sperm binding activities of the zona pellucida can be associated 1990, 1991), the gamete molecules involved in this binding during fertilization have been best characterized in the mouse.
with internal saccharide core structures (Yurewicz et al., 1991) as well as with terminal residues (Bleil and Wassarman, In mice, four lines of evidence strongly suggest that O-linked oligosaccharide ligands on the ZP3 polypeptide backbone act 1988). This hypothesis is supported by examination of the carbohydrate binding affinities of at least one human sperm as the primary sperm receptor. Firstly, sperm receptor activity is unaffected by exposure to elevated temperature, reducing surface receptor for zona carbohydrate ligands (see below, sperm receptors for zona carbohydrate ligands). agents, denaturants or detergents: treatments which destroy protein-based active sites (Bleil and Wassarman, 1980a;  The carbohydrate moieties of ZP3 are also important from a contraceptive standpoint, with the idea of producing reversible Wassarman et al., 1985b; Wassarman, 1988) . Secondly, extensive digestion with pronase similarly fails to affect sperm interference of sperm-egg interactions (Epifano and Dean, 1994) . The antigenicity of ZP3 is directly related to its receptor activity (Florman et al., 1984; Leyton and Saling, 1989a) . Thirdly, complete deglycosylation with trifluoromecarbohydrate content (Sacco et al., 1986; Yurewicz et al., 1987) . Although the role of carbohydrate moieties as targets thanesulphonic acid or selective removal of O-linked oligosaccharides following mild alkaline hydrolysis abrogates the for specific antibody production is addressed in the next section, it must be noted that in marmosets, baboons and ability of ZP3 to inhibit sperm-egg binding (Florman and Wassarman, 1985) . The O-linked oligosaccharides released pigs immununized with zona glycoproteins, glycosylated ZP3 induced immediate production of antibodies whereas only a by these procedures were demonstrated to bind directly to weak or no response was obtained with deglycosylated ZP3
relevant O-linked glycans appear concentrated in a small region of 16 amino acids (328 to 343; exon 7) containing five as immunogen (Paterson and Aitken, 1990; Paterson et al., 1992) . Consistent with these findings, immunization of mice serine residues. Mapping of the mouse ZP3 combining site for spermatozoa by exon swapping supports these findings and rabbits with their cognate native ZP3 results in autoimmune disease with significant pathological ovarian damage, whereas . In addition, site directed mutagenesis has produced a mutant gene which converted the five serine immunization with deglycosylated ZP3 does not (Keenan et al., 1991; Rhim et al., 1992; Lou et al., 1995; Bagavant et al., residues of exon 7 to non-hydroxyl amino acids. When this mutant gene (mZP3 [ser] ) is expressed in vitro, its protein 1997). However, although it has been postulated that immunoregulation of gamete function is effected by direct antibody product is less extensively glycosylated than wild-type mouse rZP3 and does not exhibit sperm binding or acrosome reaction coating of the zona pellucida which inhibits sperm-zona binding and/or penetration (East et al., 1985; Millar et al., inducing activities (Kinloch et al., 1995; Liu et al., 1995) . The amino acid sequence in and around this region is less highly 1989; Bagavant et al., 1997) , the endocrine changes (elevation of LH and FSH; inhibition of gonadotrophin-induced progesterconserved than other portions of the molecule , supporting the concept that the regions of the ZP3 one secretion; Skinner et al., 1984; Mahi-Brown et al., 1985; Keenan et al., 1991) which occurred in animals immunized molecule which potentiate species specific high affinity interactions with spermatozoa are hydrophilic regions lying on the with glycosylated ZP3 indicate that inhibition of normal ovarian function also contributes to the production of the surface of the protein which exhibit maximal difference in sequence between species (Chamberlin and Dean, 1990) . Thus, infertile state (Keenan et al., 1991) . A decrease in the number of primordial follicles, developing follicles and corpora lutea it is not unexpected that the amino acid sequence of mouse ZP3 exon 7 is also highly antigenic. Vaccination of mice with was observed in association with the endocrine changes. When deglycosylated ZP3 was used as the zona antigen, normal a version of this 16 amino acid peptide synthesized in vitro elicits the production of antibodies that bind to the zona endocrine profiles were observed and folliculogenesis was unaffected (Skinner et al., 1984; Mahi-Brown et al., 1985;  pellucida (Millar et al., 1989) . These antibodies produce longterm, reversible contraception in female mice. Although anti- Keenan et al., 1991) . Nevertheless, it must be noted that use of deglycosylated ZP3 as immunogen results in a reduction, genic epitopes in this region of mouse ZP3 can not be detected in hamster, guinea pig, cat or dog ovaries (East et al., 1985) , and not a complete loss, of fertility (Millar et al., 1989; Lou et al., 1995; Bagavant et al., 1997) .
a comparable domain containing O-linked oligosaccharides has been identified in the porcine and human homologues of In the mouse, oligosaccharide side chains comprise~50% of the mass of ZP3 (Salzmann et al., 1983) . O-linked glycans ZP3 (Yurewicz et al., 1992; Bagavant et al., 1997) .
Results from the site directed mutagenesis studies described are found attached to both serine and threonine residues (Florman and Wassarman, 1985) . A specific size class of these above also provide insight into whether all or only some of the ZP3 molecules in the mouse zona pellucida are inactivated glycans,~4 kDa or equivalent to 20-25 monosaccharide residues, inhibit sperm-zona binding and also bind directly to following the cortical granule reaction at fertilization which ablates zonae sperm receptor activity. The zona pellucida of spermatozoa (Florman and Wassarman, 1985) , potentially via α-galactose residues at their non-reducing termini (Bleil and the ovulated mouse egg contains Ͼ10 9 copies of ZP3 (Greve and Wassarman, 1985; Wassarman and Mortillo, 1991) . This Wassarman, 1988) . That the sperm receptor activity of these glycans is sensitive to very small changes in carbohydrate is in great excess of the estimated 50-500 ZP3 molecules which participate in the initial adhesive event with a spermatostructure is indicated by the fact that activity is lost if the terminal galactose residue is removed or if its C-6 hydroxyl zoon (Liu et al., 1995) . Thus, it may be postulated that the composition of the zona pellucida can be substantially altered is converted to an aldehyde (Bleil and Wassarman, 1988) .
The amino terminal and carboxyl terminal domains of ZP3 without loss of ability to bind spermatozoa. Although there is a Ͼ50% reduction in the number of sperm receptors in the are separated by a flexible ('hinge') region similar to that of immunoglobulins (Wassarman and Litscher, 1995) . The zona pellucida of mice transfected with mZP3[ser], these transgenic mice are fertile and produce litters of normal size presence of this hinge region allows proteolytic cleavage of ZP3 (Rosiere and Wassarman, 1992) . Separate analysis of the (Liu et al., 1995) . These findings, when taken together with the fact that embryo ZP3 exhibits a low level of sperm binding bioactivities of the amino and carboxyl halves of the ZP3 molecule indicate that the carboxyl terminal half of ZP3 is activity when tested at concentrations 3-5 times higher than those commonly employed for egg ZP3 (Wassarman et al., sufficient to inhibit sperm binding to oocytes in vitro and to induce the acrosome reaction (Rosiere and Wassarman, 1992; 1985a) , argue that complete inactivation of a large percentage (Ͼ65%) of ZP3 following fertilization will inhibit subsequent Litscher and Wassarman, 1996) . Complete removal of N-linked oligosaccharides with N-glycanase, release of lactosaminoglysperm-egg binding and polyspermy.
Inhibition of ZP3 protein synthesis in mouse oocytes by injeccan units from N-linked glycans and removal of sialic acid from non-reducing termini with neuraminidase had no effect tion of anti-sense oligonucleotides to degrade ZP3 mRNA (Tong et al., 1995) or by targeted disruption of the ZP3 gene (Liu et al. , on the bioactivities of the carboxyl terminal peptide (Litscher and Wassarman, 1996) . Thus, the O-linked glycans responsible 1996; Rankin et al., 1996) results in female infertility. Adult ovaries from females homozygous for the disrupted ZP3 gene for the sperm binding activity of ZP3 are derived from the carboxyl terminal half of ZP3 (Rosiere and Wassarman, 1992) .
contain growing and fully grown oocytes. Although ZP1 and ZP2 protein synthesis is unaffected by the anti-sense oligonucleResults from peptide cleavage experiments indicate that the otides or disruption of the ZP3 gene, all oocytes lack a zona containing terminal α-galactose residues and that O-linked sugar moieties purified from mouse or pig pellucida. Directed degradation of ZP2 mRNA similarly results in the absence of the zona (Tong et al., 1995) . Collectively, these ZP3 are 1-3 orders of magnitude less effective than the native molecule in inhibiting mouse sperm-zona attachment data indicate that assembly of the zona pellucida requires the coordinate synthesis of at least ZP2 and ZP3. However, infertility (Yurewicz et al., 1991; Litscher et al., 1995) are consistent with the concept that the nature of the clustering regulates the in female mice homozygous for the targeted ZP3 gene disruption is probably not due to the loss of the extracellular carbohydrates binding affinity of carbohydrate ligands to their cognate receptor proteins (Lee et al., 1983; Lee, 1989 . Further, which regulate sperm binding activity. It has been demonstrated that spontaneously acrosome-reacted mouse spermatozoa can the binding to the sperm surface of synthetic glycans which mimic those of blood groups may help to explain why human fertilize zona-free mouse oocytes in vitro (Naito et al., 1992) . Rather, infertility is more likely attributed to adherence of zonaspermatozoa accumulate seminal blood group antigens on their surface (Cooper and Bronson, 1990; Gilbert et al., 1991 ; see free embryos to the oviductual epithelium which inhibits passage through the oviduct and subsequent implantation (Bronson and below, carbohydrates on the sperm surface). Additional evidence that α-galactose-terminated polylactos- McLaren, 1970; Modlinski, 1970) . It must be stressed, however, that a naturally occurring genetic defect causing loss of ZP3 amines on the mouse zona pellucida regulate species specific tight binding of mouse spermatozoa comes from a study of expression or absence of the zona pellucida has never been observed to be an underlying cause of mammalian infertility.
mouse sperm-erythrocyte interactions (for review see Clark et al., 1996a) . Capacitated mouse spermatozoa bind to rabbit The latter is consistent with data indicating that genetic defects in glycosylation are rarely observed in intact organisms (Varki, erythrocytes but not erythrocytes from other species. An intact acrosome is a requirement for rabbit erythrocyte binding. 1993).
Pretreatment of rabbit erythrocytes with α-galactosidase O-linked glycan structure is complex reduced mouse sperm binding by a maximum of 40% in comparison with untreated controls. The residual 60% binding Analysis of the structure of the O-linked oligosaccharide ligands responsible for sperm receptor activity has been comof mouse spermatozoa to α-galactosidase-treated rabbit erythrocytes has been attributed to an interaction with internal plicated by glycan heterogeneity, which in the hamster occurs on a poly-N-acetyllactosamine backbone (Yurewicz et al., 1991;  polylactosamine sequences. On rabbit erythrocytes, α-galactosyl residues are primarily associated with branched polylactos- Hokke et al., 1994) . The ability to synthesize in vitro multiply branched oligosaccharide constructs has amines. Finally, it must be recognized that the identification of the helped to define structures that inhibit binding of mouse spermatozoa to unfertilized eggs in vitro . specific zona carbohydrate ligands regulating tight binding of spermatozoa is complicated by the fact that the glycosyl Constructs tested were rich in N-acetyllactosamine repeats for three reasons. Firstly, multiple polylactosamine units are modifications presumably exhibit intra-individual variation.
Oocytes from the same donor exhibit variations in their sperm commonly associated with developmentally regulated glycoconjugates (Fukada et al., 1985; Yurewicz et al., 1987) and binding capacity (e.g. Fazeli et al., 1993) . mouse zona glycoproteins possess at least two polylactosamine Species-specific glycosylation patterns structures per molecule (Cahova and Draber, 1992) . Secondly, antibodies to these structures inhibit fertilization (Cahova and The size and structural features of the active oligosaccharide site of ZP3 which regulates sperm binding appears to differ Draber, 1992). Thirdly, rZP3 synthesized in mouse embryonal carcinoma cells known to be particularly rich in poly-Nbetween species (Noguchi et al., 1992) . For example, while terminal carbohydrate residues apparently form the sperm acetyllactosamine glycans (Muramatsu et al., 1978; Renkonen, 1983) exhibited sperm receptor and acrosome reaction inducing receptor site in the mouse zona (Bleil and Wassarman, 1988; Miller et al., , 1993 , larger internal carbohydrate units activities while that produced in other transfected cell lines with low polylactosamine glycan production did not (Kinloch regulate sperm binding to pig zonae (Yurewicz et al., 1991) . It is therefore interesting to note that mouse embryonal et al., 1991), Preincubation of capacitated mouse spermatozoa with either carcinoma cells which constitutively express mouse or hamster ZP3 genes can discriminate between these highly related blood group β-related linear tri-and penta-saccharides and biantennary blood group I-related oligosaccharides ( Figure 1E) polypeptides (Kinloch et al., 1991) . Although these cells secrete a biologically active form of mouse rZP3 which is resulted in a significant inhibition of sperm-egg binding. In the latter case, increasing chain length also increased the glycosylated to an extent similar to that of the native mouse ZP3, the mature hamster srZP3 failed to exhibit mouse sperm affinity of the branched oligosaccharide for spermatozoa. These data are supported by the direct compositional analysis of Oreceptor activity. That hamster rZP3 secreted by mouse cells fails to inhibit hamster sperm binding to ovulated eggs in vitro linked oligosaccharides derived from mouse ZP3 (Nagdas et al., 1994) . Treatment of de-N-glycosylated mouse ZP3 with may be due to: (i) the fact that it is glycosylated to a lesser extent than the authentic protein; (ii) the possibility that the O-glycanase in the presence of exoglycosidases provides evidence for the presence of O-linked trisaccharide chains oligosaccharide structure of the recombinant molecule differs from that of hamster oocytes, thus altering the sperm binding ( Figure 1D ), as well as polylactosaminylated glycans (Nagdas et al., 1994) . That glycan size and branching pattern play a site; and/or (iii) the possibility that the oligosaccharide structure of the recombinant molecule differs from that of hamster role in the sperm receptor activity of mouse zona ligands oocytes such that protein folding is altered. In addition, the lectin binding affinities. Most important are observations indicating reproducible changes in lectin binding affinities lectin binding affinities of zonae pellucidae differ between species (Shalgi et al., 1991; Maymon et al., 1994) . All of these during epididymal maturation and capacitation, e.g. ConA labelling of the sperm head is decreased while that of wheat arguments support the concept of species-specific glycosylation patterns for ZP3. The majority of evidence that glycosyl germ agglutinin ('WGA'; specific for N-acetylglucosamine and/or sialic acid) is increased. Some of these changes are modification of ZP3 is species specific will, however, be discussed in detail below in regard to the sperm molecules correlated with the acquisition of the ability to bind zona pellucida ligands (Lassalle and Testart, 1994) . The overall participating in zona adhesion (see below, sperm receptors for zona carbohydrate ligands).
loss of lectin binding sites from the periacrosomal plasma membrane correlates with changes in the distribution of intramembranous particles prior to the acrosome reaction first
Carbohydrates on the sperm surface described by freeze fracture/electron microscopy (Friend et al., The surface of the mature mammalian spermatozoon can be 1977; Yanagimachi and Suzuki, 1985 ; Aguas and Pinto da divided into five domains [anterior head (acrosomal segment), Silva, 1989; Suzuki and Yanagimachi, 1989) . This allows equatorial segment, posterior head (post-acrosomal segment), calcium to induce phase transitions which create disorganized midpiece, and principal piece] that originate during elongation lipid arrays necessary for the initiation of fusion of round cells and are conserved across species (for review (Papahadjopoulos, 1978) of plasma and outer acrosomal memsee Bearer and Friend, 1990) . These structural domains are branes at particle-deficient interfaces leading to acrosome thought to reflect the presence of 'functional domains' involved exocytosis. in the process of fertilization. Studies employing specific
Membrane contraints restrict diffusion of bound lectins in saccharides in hapten inhibition tests, exoglycosidases to the anterior head and the tail regions but not in the posterior remove functional saccharides from the cell surface and head. This is indicative of sperm membrane compartments inhibitors of glycoprotein synthesis all suggest that a large where lipid is immobile and is not free to diffuse laterally as variety of oligosaccharides synthesized by the lipid-linked in most somatic cells (Wolf et al., 1988) , and is consistent pathway (N-linkage) are expressed on the sperm surface and with observations indicating that alterations in such lipid serve as carbohydrate determinants involved in mammalian domains are associated with decreased fertility potential of fertilization (review, Ahuja, 1985) . Therefore, although glycohuman spermatozoa (Sinha et al., 1994) . The best studied lipid proteins are involved in intercellular adhesion and information diffusion barrier is that in the equatorial segment of the transfer during spermatogenesis (Lee and Damjanov, 1985; spermatozoon (Arts et al., 1994) ; as (i) this is the primary Malmi et al., 1987; Wollina et al., 1989a,b) , the majority of domain of mammalian acrosome-reacted spermatozoa that studies have focused on the role of surface carbohydrates harbour in vitro fusogenic capacity for artificial membranes in the evolution of membrane domains during epididymal (Arts et al., 1993) and (ii) it is this domain which initiates maturation and capacitation post-ejaculation.
fusion of the spermatozoa with the oolemma Talbot and Chacon, 1982; Clark and Koehler, 1990; Distribution Yanagimachi, 1994) . It is unlikely that transmembrane protein barriers to lipid diffusion exist in this region. Intramembranous Fluorescent dye-, peroxidase-, biotin-, ferritin-, colloidal gold-, and radio-labelled phytoagglutinins (plant 'lectins') have been particles are cleared from the equatorial segment after the acrosome reaction (Friend et al., 1977 ; Aguas and Pinto da used as probes to study carbohydrates on the sperm surface (Edelman and Millette, 1971; Nicolson and Yanagimachi, Silva, 1989) . The stability of the equatorial segment barrier to lipid 1972 Nicolson et al., 1972; Koehler, 1981; Kallojoki et al., 1985; Singer et al., 1985;  Cross and diffusion appears to be dependent on the presence of calcium ions (Arts et al., 1994) . Annexins have been detected in the Kumar et al., 1990; Ahluwalia et al., 1990; Vasquez et al., 1990; Bains et al., 1992; Mladenovic et al., equatorial segment of human spermatozoa (Berruti, 1988; Feinberg et al., 1991) . Annexins, which require calcium for 1993; Gabriel et al., 1994; Fierro et al., 1996) . Surface charge differences, potentially attributable to the negative charge their functioning, have been implicated in the attachment of cytoskeletal elements to membranes (Creutz, 1992) . Thus, the associated with terminal sialic acid residues, have been assessed with colloidal iron hydroxide or by electrophoresis of immobilpossibility that annexins contribute to the barrier to lipid diffusion in the equatorial segment cannot be excluded. ized live spermatozoa (Nevo et al., 1961; Bedford, 1963; Cooper and Bedford, 1971; . To date, Calcium also regulates the physical state of lipids. Although calcium can trigger some lipids to partially 'melt' (e.g. become the results of these studies indicate that a wide variety of saccharide groups are accessible on the surface plasma more fluid), it can also trigger the transition of other lipids from a liquid-crystalline to a gel state ('freezing') (Lee, 1977 ; membrane, both on the termini and within the cores of polysaccharide complexes. Their distribution is non-uniform, Papahadjopoulos, 1978; Cullis and DeKruijff, 1979) . Lipid factors, such as the sperm-specific glycolipid sulphatoxygalace.g. concanavalin A ('ConA'; specific for D-mannose and Dglucose residues) binding is limited to the region overlying tosyl-glycerolipid localized to the equatorial segment, can form gel-like areas in sperm plasma membranes where molecular the acrosome in human, mouse, hamster, guinea pig, rat, rabbit and ram spermatozoa. motion is very slow (Wolf et al., 1988; Benoff et al., 1993a; Gadella, 1993) . Regulation of the formation of these gel Significant differences exist between species with regard to domains by calcium offers a plausible alternative to annexins both complex N-linked and O-linked oligosaccharide chains with high concentrations of galactose, galactosamine, glucosaas an equatorial diffusion barrier. In addition, the existence mine and mannose. Biological activity is lost if either the Nof glycolipids associated with the sperm plasma membrane linked or O-linked oligosaccharides are removed. The 74 kDa suggests that glycoprotein turnover and remodelling may not protein is either inactivated or detached from the sperm surface be the exclusive agents regulating sperm surface lectin binding during capacitation. These data suggest that interaction of affinities during epididymal transit and sperm capacitation.
this glycoprotein with human spermatozoa is mediated by Sperm plasma membrane lipid/sterol ratios change markedly carbohydrate-binding proteins on the surface plasma memduring capacitating incubations and the extent of spontaneous brane. Further, the carbohydrate composition of the glycans and induced acrosome reactions is critically dependent on associated with the 74 kDa protein suggests that sperm surface these ratios (e.g. Go and Wolf, 1983; Hoshi et al., 1990;  proteins which bind this glycoprotein may also be involved in Benoff, 1993; Benoff et al., 1993a Benoff et al., ,c,d, 1996a . The changes zona pellucida binding (see below, sperm receptors for zona that occur in membrane composition are specific to a particular carbohydrate ligands). domain of the mature spermatozoa (Bearer and Friend, 1982) .
The peripherally attached glycocalyx is removed during Thus, modification of sulphatoxygalactosylglycerolipid and capacitation in the female tract. Sperm-coating blood groupsimilar glycosylated lipids may have a biological role in the specific carbohydrates can be similarly removed in vitro from regulation of fertilization processes occurring after induction ejaculated spermatozoa by Percoll density gradient centrifugaof the acrosome reaction.
tion (Gilbert et al., 1991) . Surface glycans, in the form of Type of association glycosaminoglycans (GAGs), absorbed from uterine, oviductal and follicular fluid, in contrast to those from epididymal fluid, In the study of sperm surface glycans, a distinction needs to promote sperm capacitation and the acrosome reaction, possibly be made between those which are part of integral plasma by increasing intracellular pH and calcium ion uptake (review, membrane proteins and those which are derived from proteins Miller and Ax, 1990) . The GAG content of these fluids is and lipids which are only peripherally attached. There are highest at oestrus (Parrish et al., 1989) , consistent with prior additions to the sperm surface after testicular differentiation observations on oestrus cycle dependency of capacitation (review, Yanagimachi, 1994) . Spermatozoa dramatically alter (Viriyapanich and Bedford, 1981) . The ability of GAGs to their antigenicity during epididymal transit for two reasons.
promote sperm fertilizing potential is correlated with their Firstly, the epididymis secretes a variety of glycoproteins, content of sulphate and amino sugars, with heparin having some of which bind tightly to spermatozoa. Secondly, active relatively high potency. Radiolabelled heparin is disproportionglycosylation of membrane-integrated components has also ately bound to the head of human and other mammalian been noted and is thought to be mediated by galactosyltransferspermatozoa in comparison with other membrane compartase and sialyltransferase in epididymal fluid. Thus, the storage ments. At least nine proteins isolated from bovine sperm function of the epididymis may be responsible for the need plasma membranes are capable of binding heparin. The most for capacitation in order to undergo the zona pellucida-induced important of these may be fibronectin and fibronectin-related acrosome reaction and to fertilize metaphase II oocytes in vitro peptides. Fibronectin contains the Arg-Gly-Asp sequence (Yanagimachi, 1994; Visconti et al., 1995a) . However, as implicated as a ligand in sperm adhesion to oolemmal integrins epididymal modulation of expression of adhesion molecules, Fusi and Bronson, 1992 ; Schaller such as β-integrin and fibronectin, has been observed Fusi et al., 1992 Fusi et al., , 1993 . Anti-fibronectin antibodies et al., 1994) , the glycoproteins added in the epididymis are inhibit binding and penetration of zona-free hamster oocytes thought to help stabilize the sperm plasma membrane and by human and hamster spermatozoa. Fibronectin contains prevent premature capacitation or acrosome reactions. This is two heparin-binding domains (for review see Hynes, 1985) . particularly important because spermatozoa differ significantly Fibronectin has been found overlying the head region of human from somatic secretory cells which are able to undergo repeated spermatozoa, and expression of fibronectin in the equatorial cycles of exocytosis. The acrosome reaction can occur but segment is specifically correlated with normal sperm morphoonce and the lifetime of an acrosome-reacted spermatozoa is logy (Vuento et al., 1984; Glander et al., 1987) . The percentage extremely limited (Drisdel et al., 1995) .
of human spermatozoa exhibiting surface binding of antiSeminal plasma from many mammalian species also exerts fibronectin antibodies is increased in association with capacitantifertility activities (Robertson et al., 1971; Eng et al., 1978;  ation . That neither the proportion Reddy et al., 1978; Fraser, 1984; Cross, 1996) . Glycoproteins of spermatozoa exhibiting anti-fibronectin antibody reactivity in seminal plasma can readily bind to the sperm plasma nor the distribution of fibronectin on spermatozoa is altered membrane (e.g. Han et al., 1990; Drisdel et al., 1995) . This by induction of the acrosome reaction with progesterone (Fusi may help explain why ejaculated spermatozoa from many and suggests that fibronectin is located on the species are more difficult to capacitate than spermatozoa from surface plasma membrane, not the inner acrosomal membrane. the cauda epididymis (Yanagimachi, 1994) .
This localization would be consistent with its ability to react At least one of these seminal plasma glycoproteins has been with GAGs during capacitation. subjected to a detailed characterization (Drisdel et al., 1995) . Detection A 74 kDa glycoprotein from human seminal plasma specifically blocks the induction of the human sperm acrosome reaction
The most convenient method for detecting sperm glycans is that of lectin binding. Results from lectin binding studies must, by a variety of agonists. The 74 kDa glycoprotein contains however, be interpreted with caution for two reasons. Firstly, carbohydrates are highly antigenic (Sela et al., 1975) . Use of monoclonal antibodies raised against human spermatozoa lectin specificities are dependent on technical conditions such as fixation, temperature and concentrations of ligands and/or demonstrated that different surface antigens are confined to regional domains similar to those originally described by competing sugars (Kochibe and Furukawa, 1980; Gallagher, 1984; Hindsgaul and Ballou, 1984; Sato and Muramatsu, 1985;  electron microscopy Scholler, 1984, 1986) . As above, however, surface coat antigens which are peripherally Yamashita et al., 1985 Yamashita et al., , 1987 Yamashita et al., , 1988 . Secondly, the method of sperm preparation greatly influences analytical outcome, e.g. associated with the sperm membrane must be distinguished from those linked to integral plasma membrane proteins. whether or not internal carbohydrate residues are exposed by drying and/or fixation Haas et al., Freshly ejaculated and capacitated human spermatozoa have been reported to react with different types of ASAs (Fusi and 1988; Bains et al., 1992) . Nevertheless, glycan expression in extracellular and intracellular compartments, as determined by Monroe et al., 1990; Margalioth et al., 1992) . The alterations in antigenicity associated with capacitation are lectin binding, can be used to predict the functional state of human spermatozoa.
consistent with changes in sperm surface lectin binding affinities described above and may reflect surface modifications Glycan expression may be used as a marker for assessment of sperm morphology (Gabriel et al., 1994) , i.e. by identifying associated with changes in functional state of spermatozoa. Loss of peripherally associated surface coating molecules, spermatozoa with normal oval head morphology and an intact acrosome, requirements for binding and penetration through immunoglobulin (Ig) M isotypic antibody reactive blood group antigens and non-blood group seminal antigens reacting with the human zona pellucida (Liu and Baker, 1994) . Lectin binding properties can also distinguish subpopulations within IgG isotypic antibodies, may to a large part, account for changes in sperm antibody test results when spermatozoa are normospermic semen (Singer et al., 1986) . Lectin binding affinities have been observed to be altered in spermatozoa subjected to capacitating conditions (Cooper and Bronson, 1990; Gilbert et al., 1991) . Antibodies to blood group antigens from infertility patients (Vasquez et al., 1990; Bains et al., 1992) . For example, decreased expression of WGA receptors do not appear to influence sperm function. In contrast, ASAs directed against intrinsic sperm surface has been suggested as one cause of human male infertility (Fei and Hao, 1990; Zhixing and Yifei, 1990) . N-acetylglucosamine antigens originating in the testis can dramatically reduce the potential for gamete interaction ; Esponda and/or sialic acid receptors for WGA localized to the equatorial segment and posterior head of normal human spermatozoa have and Bedford, 1985; Patrizio et al., 1992) . Conception rates are markedly reduced in couples where immunity to spermatozoa been postulated to play an important role during fertilization (Cerezo et al., 1982; Kallojoki et al., 1985; Franken et al., is detected (Ayvaliotis et al., 1985; Busacca et al., 1989) . Only a limited number of glycans on lipids (Kurpisz et al., 1989 (Kurpisz et al., ) 1990 ). The intensity of sperm surface WGA labelling is high in normal spermatozoa and decreases with increasing degree and proteins Snow and Ball, 1992; D'Cruz et al., 1993; Benoff et al., 1995b) are immunodomiof teratozoospermia (Gabriel et al., 1994) , suggesting that either WGA receptors play a quasi-structural role in sperm nant. Their distribution on the sperm surface correlates with effects of ASAs on sperm function. Results from IVF indicate surface organization or that the boundaries of diffusible/nondiffusible lipid domains change with morphology.
that sperm head-directed antibodies may prevent or reduce fertilization, whereas tail-directed antibodies do not (e.g. Zouari Peanut agglutinin ('PNA') is specific for β-galactosyl residues whereas ConA and Pisum sativum agglutinin ('PSA') et al., 1993) . Such data are consistent with in-vitro studies following passive transfer of anti-sperm immunoglobulins to are specific for D-mannosyl and D-glucosyl residues. These lectins can be used to differentiate between human sperm head antibody-free spermatozoa of fertile donors: tail-directed ASAs are associated with motility loss in the presence of complement compartments. PNA binds to the plasma membrane/outer acrosomal membrane (Mortimer et al., 1990; Bains et al., while head-directed ASAs primarily impede zona pellucida binding or subsequent acrosome loss (e.g. Bronson et al., 1992) , PSA to acrosome content (Cross et al., 1986) and ConA to the inner acrosomal membrane (Holden et al., 1990) . Thus, 1982a,b; Lansford et al., 1990) . The anti-fertility effect of head-directed ASAs is produced by at least two different these lectins can be used to assess differences between control and patient populations with regard to the ability to undergo mechanisms: (i) inhibition of membrane cholesterol efflux, an important part of the capacitation process (Benoff et al., 1993a ; induced acrosome loss (Mladenovic et al., 1993) . That lectins with similar monosaccharide specificities, e.g. PSA and ConA, see Figure 3) ; and (ii) inhibition of progesterone binding to the non-nuclear progesterone receptor (Benoff et al., 1995b) . label different sperm compartments emphasizes the diversity of sperm glycan structure. Lectin binding is not merely the Evidence has been presented that immune infertility is the result of local inflammation which augments natural antiresult of a stoichiometric relationship to respective monosaccharides, but also reflects the secondary and tertiary structure carbohydrate immunities against infectious agents (Witkin and Toth, 1983; Cooper et al., 1991; Kurpisz and Alexander, 1995) . of the glycan as a whole (e.g. Lee et al., 1983 Lee et al., , 1984 Kery et al., 1992; .
The same simple sugars terminate bacterial and sperm surface antigens (Tsang et al., 1987; Cooper et al., 1991; Kurpisz and Immune infertility Alexander, 1995) . Antisperm antibodies from human males cross-react with bacteria (Tung, 1975) . Autoimmunity to The most important role ascribed to sperm surface carbohydrate moieties is that of antigens stimulating the production of spermatozoa is observed following chronic prostatitis (Fjallbrant and Nilsson, 1977) . Isoimmunity to spermatozoa naturally occurring anti-sperm antibodies (ASAs). Cell surface often develops in women following genital tract infections (Cunningham et al., 1991) .
Although no information is available concerning the nature of the carbohydrate structures recognized by head-directed ASAs, those recognized by ASAs participating in complementmediated sperm immobilization have been partially characterized using anti-sperm human monoclonal antibodies (Tsuji et al., 1988; Isojima, 1989) . The internally repetitive, unbranched N-acetyllactosamine (heteropolymers of galactose and N-acetylglucosamine; blood type I antigen) and sialyl branched internally repetitive N-acetyllactosamine (sialyl blood type I antigen) on the surface of ejaculated human spermatozoa are reactive with this class of ASAs. The ASAs recognize an internal sequence of the glycans, as terminal substitutions of galactose with sialic acid have no effect on monoclonal antibody binding. Nevertheless, sialylation levels appear critical to overall antibody recognition. If removed, other ASAs will bind to the glycan.
Biological role in reproduction
The findings described above indicate that the sperm surface glycans serve mainly as 'traitors' in generating an immune response and an infertile state. Sperm surface glycans and their remodeling during capacitation also serve in a 'protective' or 'stabilizing' role, e.g. to prevent premature loss of acrosome content. It is therefore unlikely that oligosaccharides on the sperm surface directly participate in species-specific tight binding to the zona. Thus, sperm surface glycans are of lesser interest than are sperm plasma membrane receptors for zona pellucida glycoproteins. intact and acrosome-reacted mouse spermatozoa by transmis-(1994) β-1,4-galactosyl transferase sion electron microscopy supports this argument (Mortillo and trypsin-like enzyme Saling, 1981; Benau and Storey Wassarman, 1991) . Acrosin is the primary candidate for a ZP2 (1987) binding protein (Jones, 1989 (Jones, , 1991 . Other acrosomal antigens may also be involved, e.g. HSA-63 (Liu et al., 1992) (Williams and Jones, et al. (1995) 1993) and as the fucoidin ligand for acrosin blocks spermBoar APz Peterson and Hunt (1989) ; Peterson et al. (1991) zona binding in a variety of species (Yanagimachi, 1994) . In
Zonadhesin (p105/45) Garbers (1994, 1995) addition, the acrosome reaction also generates a restricted and et al. (1982) the equatorial region which is capable of fusion with the PH-20 Primakoff et al. (1985) oolemma (Moore and Bedford, 1978; Bedford et al., 1979;  Rabbit RSA (54 kDa) Abdullah et al. (1991) Yanagimachi, 1994). At least three sperm surface molecules et al. (1988) ; Richardson et al. (1994) in this final membrane compartment have been postulated to Human mannose receptor Benoff et al. (1993b Benoff et al. ( ,c, 1995a participate in oolemmal binding and gamete fusion: vitronectin/ α-D-mannosidase Tulsiani et al. (1990) fibronectin Fusi and Bronson, 1992;  hu9 Burks et al. (1995) β-1,4-galactosyl transferase Humphreys-Beher and Schaller et al., 1993) , β integrin Klenteris Blackwell (1989); and PH-30/'fertilin' (Blobel et al., 1992 (Saling 1983; Jonakova et al., 1991) ; (iii) affinity chromatography of and . Electron microscopy has demonstrated detergent-extracted spermatozoa by passage through columns that mouse spermatozoa first establish contact with the zona of zona glycoproteins bound to a solid support (e.g. Hanqing pellucida via the region of the head plasma membrane overlying et al., 1991; Hardy and Garbers, 1994) ; (iv) specific polyclonal the acrosome Drobnis and Katz, 1991) . and monoclonal antisera which inhibit sperm-zona binding These findings have been confirmed by binding of radio-(e.g. Peterson and Hunt, 1989) ; (v) cross-linking of sperm iodinated or colloidal gold-labelled ZP3 to mouse spermatozoa surface proteins to zona ligands Bleil (Bleil and Wassarman, 1986; .
and ; and in man, (vi) correlation with the Autoradiographic grains were specifically restricted to the infertile state (e.g. Benoff et al., 1993b,c) . The individual sperm head; none were observed along the midpiece or tail molecules which have been identified by these techniques have principal piece. Further, it was established that ZP3 bound to been divided by species and described in detail below. acrosome-intact, but not acrosome-reacted spermatozoa. Taken together, these data indicate that the molecules distributed over Mouse the periacrosomal plasma membrane were responsible for the Five integral plasma membrane components [p95, β-1,4-initial tight binding of spermatozoa to zona. A large body of galactosyl transferase, a trypsin-like proteinase, α-D-mannosiddata indicates that this group of proteins exhibits speciesase and sulphoglycolipid immobilizing protein (SLIP)1] and restricted expression (Table III; Figure 3 ). Spermatozoa that two peripherally associated proteins (15 kDa and sp56) have undergo an acrosome reaction after zona binding remain bound been implicated in zona recognition and tight binding by to oocytes, as a result of secondary binding to ZP2 Wassarman, 1983, 1986; Bleil et al., 1988) . As the acrosome mouse spermatozoa. p95 galactose from UDPGal to ZP3, but not ZP1 or ZP2. In the absence of manganese, however, GalTase is thought to act as A 95 kDa protein, 'p95Ј, has been identified on the head a lectin, not an enzyme. That a lectin with GlcNAc specificity surface of motile, acrosome-intact mouse spermatozoa, which exists on the mouse sperm surface is supported by the fact binds to whole mouse zonae or purified mouse ZP3 and also that mouse sperm agglutination of unfixed rabbit erythrocytes serves as a tyrosine kinase substrate (Leyton and Saling, is inhibited by GlcNAc (Kawai et al., 1991 ). The anti-phosphotyrosine antibody reactivity of this
In its capacity as a lectin, it is thought that GalTase reacts protein is increased by interaction with zona glycoproteins with terminal β-linked GlcNAc or N-acetyl galactosaime (Leyton and Saling, 1989b) . Oligomerization of p95 by (GalNAc) residues on the mouse zona pellucida (Benau et al., immunoaggregation induces the acrosome reaction (Leyton 1990 ). The murine zona pellucida has in fact been demonstrated et al., 1995) . p95 is an autophosphorylating protein (Leyton to contain O-linked oligosaccharides with terminal β-linked et al., 1992). Spermatozoa express voltage-dependent calcium GlcNAc residues (Nadgas et al., 1994) . The latter observation channels (Florman, 1994; Goodwin et al., 1997;  see Figure 10) is of particular importance. Although terminal α-galactose and tyrosine phosphorylation regulates ion fluxes through residues on mouse ZP3 oligosaccharides have been implicated voltage-dependent calcium channels (Sieglebaum, 1994;  as being critical in the species-specific binding of mouse A.Jacob, L.O.Goodwin and S.Benoff, unpublished observagametes (Bleil and Wassarman, 1988) , recent data indicate tions). As inhibition of tyrosine kinase activity inhibits acrothat female mice lacking terminal α-galactosyl residues due some exocytosis , p95 has been identified to a deficiency in α-glycosyltransferase are fully fertile (Thall as a sperm surface protein which is aggregated by ZP3 . These suggest that β-linked GlcNAc is a critical and Saling, 1989b; .
residue in the regulation of tight binding of mouse spermatozoa There are conflicting reports as to whether p95 tyrosine to the mouse zona. phosphorylation is increased during mouse sperm capacitation
In competition studies, both purified GalTase and GalTase (Leyton and Saling, 1989b; Ducan and Fraser, 1993; substrates inhibit sperm-zona binding. Agents which perturb et al., 1995a,b). Whether or not the capacitation associated GalTase activity also perturb mouse sperm-egg binding. For increase in the phosphotyrosine content of p95 is regulated by example, UDP-dialdehyde, a substrate analogue, and α-lactala cyclic AMP/protein kinase A signalling pathway is similarly bumin, which stimulates GalTase activity towards glucose, debated (Duncan and Fraser, 1993; Visconti et al., 1995b) .
produce a dose-dependent inhibition of sperm-egg binding. In provide no sequence data for the p95 addition, UDPGal, which would force GalTAse enzymatic mouse sperm antigen that reacts with anti-phosphotyrosine reaction to completion, and enzymatic pretreatment of the antibodies. Therefore, there are conflicting reports in the zonae, either to galactosylate GlcNAc or to hydrolyse terminal literature as to whether p95 is in fact a unique tyrosineGlcNAc residues, inhibits sperm binding to the zona. Finally, phosphorylated form of hexokinase . This loss of GlcNAc at fertilization appears responsible for loss of leaves open the possibility that there are two phosphotyrosinesperm binding activity by ZP3. Recent data suggest that an containing proteins that participate in the initial events of egg cortical granule N-acetylglucosaminidase is released at mouse gamete binding. fertilization, thereby inactivating the sperm GalTase-binding It is interesting to note that four different isoforms of p95/ site and producing the block to polyspermy (Miller et al., 1993) . hexokinase are transcribed in mouse male germ cells and GalTase is first observed on primary spermatocytes, where spermatozoa (Visconti et al., 1996) . At least one of these it functions during adhesion to Sertoli cells (Pratt et al. , isoforms is an integral membrane protein present on the sperm 1993). A surface redistribution of immunodetectable GalTase head and has an extracellular domain. This isoform becomes is observed after meiosis. In freshly ejaculated spermatozoa, phosphorylated on tyrosine residues during spermatogenesis.
GalTase sugar binding sites are masked by epididymally This protein is not phosphorylated in spermatozoa from mice derived glycoside 'decapacitation factors' which are then shed carrying two t haplotypes . Spermatoduring in-vitro capacitation (Shur and Hall, 1982a) . GalTase zoa from such mice are also unable to penetrate the mouse is then localized by indirect immunofluorescence to the anterior zona pellucida (Johnson et al., 1995) . These recent findings sperm head plasma membrane overlying the acrosome. Acid suggest that it is this p95/hexokinase isoform which binds solubilized mouse zonae trigger both induction of the acrosome zona ligands. However, a direct demonstration that p95/ reaction and redistribution of GalTase to the lateral surface of hexokinase binds zona carbohydrates has yet to be presented.
spermatozoa (Lopez and Shur, 1987) . That GalTase-zona β-1,4-Galactosyltransferase binding contributes to the induction of the physiological β-1,4-Galactosyl transferase (GalTase) has been postulated to acrosome reaction is demonstrated by the facts that: (i) be an externally oriented, integral plasma membrane aggregation of GalTAse on mouse spermatozoa by bivalent component of the sperm surface that is necessary for sperm anti-GalTase antibody or by anti-GalTase Fab fragments crossbinding to the zona pellucida (Shur and Hall, 1982b ; Shur linked with secondary antibody induces the acrosome reaction and Neely, 1988; . GalTase (Macek et al., 1991) ; and (ii) once redistributed to its new participates in the synthesis of complex carbohydrates by membrane domain, GalTase is no longer able to bind ZP3 specifically transferring galactose from its sugar nucleotide . substrate, UDP-galactose (UDPGal), to N-acetylglucosamine Sperm surface GalTase expression, like phosphorylation of p95/hexokinase (see above), is regulated by the T/t locus (Shur (GlcNAc), its sugar acceptor substrate. GalTase can transfer and Bennett, 1979) . A significant increase in GalTase activity teins. GalTase is likely to be a generalized receptor that is observed on t-bearing spermatozoa (Shur and Scully, 1990) , functions during initial sperm-egg attachment as part of a which is the result of elevation of mRNA expression during complex with molecules regulating species-specific gamete meiotic division (Pratt et al., 1993) and is associated with binding. premature acrosome loss (Brown et al., 1989) . That overexpres-A second and more disturbing finding suggests that the sion of GalTase is associated with decreased fertility is directly GlcNAc-specific lectin may not be directly concerned with demonstrated in transgenic mice (Youakim et al., 1994) .
sperm-egg interaction. The results of sugar competition experiSpermatozoa from these animals exhibited two defects: (i) ments examining sperm-egg binding and sperm-erythrocyte increased binding of decapacitation factors, resulting in maskagglutination are not correlated (Kawai et al., 1991) . Sialic ing of presumptive zona binding sites, and (ii) premature acid and asialo-transferrin are considerably more effective than acrosome loss, also limiting tight binding to the zona. These GlcNAc in blocking species-specific sperm-zona binding. In data suggest that an 'optimal' level of zona binding sites on addition, the localization of GalTase to the anterior sperm head the sperm surface is required to achieve fertilization.
may be an artefact of antibody-induced cross-linking (Cardullo There is presumptive evidence that the cytoplasmic tail of and . Using monovalent fluorescent probes specific sperm surface GalTAse is associated with the cytoskeleton.
for GalTase and the technique of fluorescence recovery after mRNAs encoding Golgi and cell surface forms of GalTAse photobleaching, data have been presented indicating that Galare distinguishable by size . Mouse spermaTase resides on the posterior sperm head and migrates to the tozoa preferentially express the long form of GalTase mRNA anterior region of the sperm head after cross-linking with (Pratt et al., 1993) , which targets the encoded protein to the polyvalent antibodies. More importantly, this migration does cell surface in somatic cells. In somatic cells, movement of not lead to the release of acrosin. However, induction of the GalTase on the surface membrane is regulated by its attachment acrosome reaction with the ionophore A23187 leads to the to the cytoskeleton (Appeddu and Shur, 1994) . As cytoskeletal loss of GlcNAc-specific lectin activity from the sperm surface; elements participate in antigen redistribution in association it is then found in released membrane vesicles (Kawai et al., with sperm maturation and the acrosome reaction in other 1991; Cardullo and . This suggests that migration species (Feuchter et al., 1986; Ochs et al., 1986; of GalTase may be an early event in the induction of the 1986a,b), it is reasonable to postulate that translocation of acrosome reaction and that binding between the zona and other GalTase on developing spermatids and following the acrosome sperm surface molecules are required to complete acrosome reaction is regulated by GalTase-cytoskeletal interactions. The exocytosis. An electron microscopic time study has suggested cytoplasmic domain of GalTase is also linked (through the that inital mouse sperm-zona pellucida contact is random cytoskeleton?) to a pertussis toxin-sensitive guanine nucleotide (Saling et al., 1979) . These findings raise the question of binding protein (G protein) (Gong et al., 1995) . Ligandwhether the posterior head region of mouse spermatozoon also stimulated aggregation of GalTase results in activation of a G participates in tight binding to the mouse zona pellucida, protein complex containing the G i α subunit. These observaas previously described for hamster sperm-zona interactions tions are consistent with findings indicating that G-protein (Drobnis et al., 1988) . activation participates in signal transduction leading to acroTrypsin-like enzyme some exocytosis following ZP3 binding and that sperm-A trypsin-like enzyme on the surface of the plasma membrane associated G i subunits are critical to this second messenger has been postulated to be involved in binding of mouse system (Ward and Kopf, 1993; Ward et al., 1994) . Voltagespermatozoa to the mouse zona pellucida, as spermatozoon dependent calcium channels, which regulate calcium influx binding occurs prior to the acrosome reaction (Florman and necessary for acrosome exocytosis (Florman, 1994) , are activStorey, 1982) and trypsin inhibitors competitively block this ated by class G i G-proteins (Ward et al., 1994) . Finally, binding (Saling, 1981) . A unique property of this potential redistribution of GalTase to the equatorial segment and inner zona binding site is that it reacts with trypsin inhibitors but acrosomal membrane in association with acrosome exocytosis not with trypsin substrates (Benau and Storey, 1987) . Although has been postulated to allow GalTase to play a role in this trypsin inhibitor binding site is separate from that responssubsequent binding events with the zona pellucida and/or the ible for GalTase activity, the two zona binding sites are oolemma (Lopez and Shur, 1987) .
apparently located in close proximity on the sperm surface The relative importance of the above data is somewhat (Benau and Storey, 1988) . Binding of ligand at one site elicits diminished by two findings. First, a body of data now indicates a steric hindrance effect which limits ligand binding at the that GalTase activity is associated with plasma membranes other site. The component(s) of this trypsin inhibitor-sensitive derived from bovine, equine and human spermatozoa (Sullivan site which mediates zona binding have not been subjected to et Humphreys-Beher and Blackwell, 1989;  detailed biochemical and molecular characterization. Thus, the Humphreys- Beher et al., 1990; Fayrer-Hosken et al., 1991) . possibility remains that this zona binding site is one and the These data suggest that GalTase may participate in spermsame with the mouse sperm 15 kDa peripheral protein with zona binding and/or acrosome exocytosis in a variety of proteinase inhibitor binding capabilities described below. It is species. Although GalTase exhibits all characteristics expected unlikely, however, that this mouse protein is directly related of a mouse sperm protein with primary zona recognition to trypsin inhibitor binding sites present on the surface of activity, it cannot determine species specificity of expression. GlcNAc is a ubiquitous component of cell surface glycoprohamster and human spermatozoa (Dravland et al., 1984; Pillai and Meizel, 1991; Llanos et al., 1993) . In these species, trypsin receptor and/or is associated with signal transduction activity. Rather, it has been suggested that SLIP1 may act synergisticinhibitors block the acrosome reaction (see below).
ally to facilitate zona binding with other sperm proteins α-D-Mannosidase . Given that an α-D-mannosidase activity has been detected on the surface of rat, mouse, hamster and human spermatozoa 15 kDa protein A 15 kDa component of the mouse sperm apical plasma (Tulsiani et al., 1989 (Tulsiani et al., , 1990 , mouse in-vitro sperm-zona binding assays were performed in the presence of D-mannose, membrane has been identified which binds a proteinase inhibitor of seminal plasma origin and, in spermatozoa capacitated mannose analogues and mannose-containing oligosaccharides (Cornwall et al., 1991) . In all cases a dose-dependent decrease in vitro, participates in binding to homologous zonae (Poirier et al., 1986) . This protein becomes expressed on the sperm in the number of spermatozoa bound per egg and in sperm mannosidase activity was observed. Mannose-containing surface during epididymal maturation and is also detected on the luminal surface of epididymal epithelium (Richardson ligands were not, however, observed to induce the acrosome reaction. Whether this enzyme actually participates in the et al., 1987) , suggesting that the 15 kDa protein becomes adsorbed to the sperm surface during epididymal transit. initial binding of mouse spermatozoa to mouse zonae pellucidae is thus in doubt for two reasons. First, in the studies of Proteinase inhibitor is apparently bound by spermatozoa at ejaculation but the level of bound proteinase inhibitor is Cornwall et al. (1991) , galactose, the sugar identified as the mouse sperm receptor on O-linked zona oligosaccharides (Bleil significantly reduced following incubation in media which support sperm capacitation but not in media which do not and Wassarman, 1988) , had no effect on sperm-egg binding. Second, and more importantly, high mannose/hybrid oligosupport capacitation (Boettger et al., 1989) . Zona glycopeptides and purified seminal plasma inhibitor compete for sperm saccharide chains are found on mouse ZP2 and ZP3 as Nlinked, not O-linked, oligosaccharide chains (Tulsiani et al., binding (Boettger-Tong et al., 1992) . Competition studies also demonstrate that the seminal plasma inhibitor blocks sperm-1992). Only O-linked zona oligosaccharides have been convincingly demonstrated to exhibit sperm receptor activity (Florman zona binding only if added during the first 15 min of coincubation, indicating that the site which binds the proteinase and Rossiere and Wassarman, 1992; .
inhibitor participates in the early events of gamete adhesion but not in tight binding . Supporting Sulphoglycolipid immobilizing protein (SLIP)1 this are observations indicating that immunoaggregation of SLIP1 is a 68 kDa sulphoglycolipid immobilizing protein bound proteinase inhibitor and translocation to the equatorial which is observed to be distributed on the mouse sperm head segment induces the acrosome reaction in a manner paralleling in two distinct patterns: (i) over the whole acrosomal region induction of acrosome loss by immunoaggregation of zona except the convex ridge, and (ii) concentrated in the posterior peptides produced by pronase digestion (Aarons et al., 1991) . acrosomal area which borders on the post-acrosome region Induction of the acrosome reaction was observed only in (Tanphaichitr et al., 1992 . SLIP1 is of testicular origin capacitated spermatozoa; in fresh spermatozoa, aggregation and binds in vitro to the major sulphoglycolipid found only in and translocation were without effect on acrosome status mammalian testes and spermatozoa (Lingwood, 1985) . Two (Aarons et al., 1992) . Although this 15 kDa sperm protein populations of SLIP1 are detected in ejaculated mouse spermaexhibits many characteristics which would be expected of a tozoa: one which is peripherally attached and readily released receptor for zona pellucida ligands, no information is available in the absence of detergent and a second which is released as to whether or not this protein specifically binds carboafter exposure to Triton X-100, suggesting that it is an integral hydrates. membrane component .
Although recognition of ZP3 by SLIP1 has never been sp56 Of all mouse sperm proteins postulated to be involved in the directly demonstrated, in in-vitro competition studies, purified SLIP1 inhibits mouse sperm-egg binding (Tanphaichitr et al., initial stages of binding to the zona, only sp56 exhibits all characteristics predicted for a mouse sperm protein with 1993). Pre-exposure of mouse eggs to SLIP1 reduces the number of spermatozoa subsequently bound. Exposure of primary zona recognition activity: (i) highly specific affinity for mouse ZP3; (ii) high affinity for 3.9 kDa O-linked oligospermatozoa to anti-SLIP1 antibodies also decreases the number of spermatozoa bound per egg. These observations are saccharide with sperm receptor activity ('functional domain oligosaccharide' ϭ FD oligo); (iii) binding to galactose affinity difficult to reconcile with the fact that SLIP1 is not detected on the convex ridge of the mouse sperm head (Tanphaichitr columns, and not N-acetylglucosamine affinity columns; (iv) presence on the surface of acrosome-intact sperm heads, but et al., 1993) which participates in the initial binding of spermatozoa to the mouse zona pellucida (Bleil and Wassarman, not on acrosome-reacted spermatozoa; (v) distribution on the convex ridge of the dorsal surface of the sperm head co-1986). Further, bivalent anti-SLIP1 antibodies do not induce capacitated mouse spermatozoa to undergo acrosome exolocalizing with ZP3 binding sites; and (vi) aggregation by FD oligos (Bleil and Wassarman, 1986 , 1988 Cheng et al., cytosis. No cDNA or amino acid sequence information is available, but it is clear from the fact that heat inactivates the 1994; Suzuki-Toyota et al., 1995) . sp56 can be purified by cross-linking to zona ligands or by ZP3 affinity chromatoinhibitory activity of SLIP1 that its native conformation plays an important role in sperm-egg binding. These data indicate graphy. Post-translational truncation from 62 to 56 kDa results in that it is unlikely that SLIP1 is the primary mouse sperm zona the production of the active zona receptor (Bookbinder et al., from N-linked, not O-linked, glycoproteins (Tulsiani et al., 1992 . Secondly, surface α-mannosidase activity is also 1995). This truncation results in the deletion of an aminoterminal sequence with high homology to the α subunit of observed in spermatozoa from mouse and men (Cornwall et al., 1990; Tulsiani et al., 1990) . complement 4B-binding protein, suggesting that sp56 may belong to a superfamily of protein receptors (Reid et al., 1986; Galactosyl receptor Cheng et al., 1994; Bookbinder et al., 1995) . The purified Given that lectins play an important role in cellular adhesion native protein is a homomultimer (M r 110 kDa); each monomer processes (Sharon and Lis, 1989), a rat testis and sperm surface is stabilized by disulphide bonds. sp56 is a peripheral membrane calcium-dependent galactosyl receptor (RTG-r), capable of protein that can be released from the sperm surface in the binding galactose and/or GalNAc, has been postulated to be a absence of detergents by agents that disrupt hydrogen bonds zona binding protein of rat spermatozoa. RTG-r shares antigenic (Cheng et al., 1994) . This is consistent with the absence of a and sequence homology with a calcium-dependent asialoglycotransmembrane-spanning domain in the deduced amino acid protein lectin of liver (Abdullah and Kierszenbaum, 1989; sequence of this protein (Bookbinder et al., 1995) . cDNA Abdullah et al., 1991; Mertz et al., 1995) . The hypothesis that sequence analysis also fails to reveal a sequence with homology RTG-r is involved in rat sperm-zona interaction is supported to the carbohydrate recognition domain of previously characterby immunolocalization of RTG-r to the dorsal surface of the ized galactose lectins (e.g. 'galectins', Barondes et al., 1994;  sperm head overlying the acrosome and loss of immunore- Bookbinder et al., 1995) . activity after induction of the acrosome reaction (Mertz et al., Expression of sp56 mRNA is restricted to mouse spermatids. 1991). It is important to note that no function has been ascribed That sp56 protein epitopes are not detected on guinea pig or to RTG-r. Whether this molecule participates in species-specific human spermatozoa and that sp56 mRNA is not detected on binding of spermatozoa to the rat zona pellucida is in doubt Northern blots of testicular mRNA from guinea pig and man as galactosyl residues are predominantly found on the inner, suggests that sp56 participates in species-specific gamete and not the predicted outer layer, of the rat zona pellucida adhesion in the mouse (Bookbinder et al., 1995) . (Shalgi et al., 1991) , and because related molecules with similar sperm head topography have been detected on rabbit, Rat human, pig and mouse spermatozoa (Abdullah et al., 1991 ; Lectin binding studies indicate that the zona pellucida of rat Goluboff et al., 1995) . oocytes is particularly rich in mannose and GlcNAc residues (Shalgi et al., 1991) . Other sugar residues which are in abundBoar ance on the rat zona include glucose, α and β galactose, Confocal laser-scanning microscopy (CLSM) of boar spermatoGalNAc and fucose (Shalgi et al., 1991) . zoa in hemizona assays has recently suggested that a gradient α-D-Mannosidase of sperm binding sites exists on the porcine zona pellucida, Sugar competition for rat sperm-egg binding and pretreatment with the number of sperm binding sites decreasing as spermatoof rat oocytes with specific enzymes indicates that sulphated zoa move from the outside to the inside of the zona (Fazeli glycans containing α-methyl-mannoside are critical determinet al., 1997) . The same study also indicates that acrosomeants of the sperm binding site on the rat zona pellucida (Shalgi intact boar spermatozoa initiate binding to the homologous et al., 1986) . Consistent with these observations, an α-Dzona pellucida in vitro. This is consistent with findings in other mannosidase is found associated with rat sperm plasma memspecies that lectin binding sites are more abundant on the outer branes (Tulsiani et al., 1989) . Sperm mannosidase exhibits as compared with the inner side of the zona (Ahuja and activity mainly towards mannose-containing oligosaccharides. Bolwell, 1983) . Prior findings that boar spermatozoa must be This activity and its pH optimum of 6.5 distinguishes the at least partially acrosome reacted to bind to the porcine zona sperm surface enzyme from 'acidic' (pH optimum ϭ 4.4) pellucida (Jones et al., 1988; Yonezawa et al., 1995) can be α-D-mannosidase of the acrosomal matrix which shows a explained by the rapidity with which the acrosome reaction is preference for synthetic substrates. Rat sperm surface mannosiinduced by solubilized zona glycoproteins (Berger et al., dase is proteolytically processed by trypsin-like enzymes during 1989b). Peterson et al. (1980 Peterson et al. ( , 1981 were the first to report epididymal maturation from a 135 kDa inactive precursor to that boar spermatozoa bind to homologous zonae via receptors a 115 kDa enzymatically active mature form (Tulsiani et al., located on the sperm head plasma membrane. More recently, 1995). It is localized on the periacrosomal region of the sperm the binding of zona glycoproteins to the acrosomal cap head (Tulsiani et al., 1995) , with its catalytic domain externally region of the boar sperm surface has been demonstrated by oriented (Tulsiani et al., 1989) .
immunofluorescence microscopy (Hanqing et al., 1991) . At Both surface mannosidase activity and zona binding ability least three classes of sperm proteins (APz, p105/45, and increase as rat spermatozoa move from the caput to cauda spermadhesins) have been proposed to be involved in the region of the epididymis (Yanagimachi, 1994; Tulsiani, 1995) .
initial binding of boar spermatozoa to porcine eggs. Thus, it has been proposed that rat sperm surface mannosidase participates in tight binding of spermatozoa to the rat zona Zona adhesion protein (APz) Zona adhesion protein (APz) is an M r 55 kDa integral plasma pellucida. Whether, however, this novel α-D-mannosidase regulates species-specific gamete binding is in doubt for two membrane protein in boar spermatozoa that does not exhibit enzymatic activity, or react with antibodies to proacrosin or reasons. Firstly, the catalytic domain of this protein is purported to interact with high-mannose/hybrid oligosaccharide chains bind to fucose, a sugar which binds proacrosin (Petersen and Hunt, 1989; Peterson et al., 1985 Peterson et al., , 1991 . APz is a minor ation, promoting membrane protein aggregation and induction of the acrosome reaction, as well as heparin binding. It is sperm membrane component, representing Ͻ1% of the total membrane protein and showing microheterogeneity, which therefore interesting to note that heparin-binding proteins are thought to act as extrinsic regulatory capacitation factors exhibits high affinity for sulphated polysaccharides. Antigenically active APz is first detected on epididymal spermatothat enhance the zona pellucida-induced acrosome reaction (Florman and First, 1988) . Thus, it appears that zonadhesin is zoa and the amount of APz is increased after ejaculation in association with capacitation. That APz is associated with the a multifunctional protein. membrane cytoskeleton in boar spermatozoa is consistent with Spermadhesins the hypothesis that actin-plasma membrane protein interactions
Spermadhesins are a family of four low molecular weight play a major role in sperm capacitation (Saxena et al., 1986a,b) .
proteins (AQN-1, AQN-2, AQN-3, AWN; 111-113 amino Monovalent antibodies to APz completely block sperm-egg acids), with further diversity regulated by post-translational binding. Competition studies suggest APz zona and antibody modification (AWN-1, AWN-2). Post-translation modification binding sites overlap. Such studies also indicate that APz also regulates zona binding ability; addition of a single specifically binds to ZP3α, the component of the porcine zona carbohydrate chain blocks their zona pellucida binding sites. pellucida with sperm binding activity (Sacco et al., 1989;  The conformation of spermadhesins is regulated by two Yurewicz et al., 1993) . Ligand binding is unaffected by GalTase disulphide bonds which modulate the binding of polysulphated substrates and inhibitors and anti-proteases suggesting that ligands (review, Calvete et al., 1995) . Amino acid composiAPz is a unique protein. APz tends to aggregate on standing tional analyses suggest that spermadhesins may be weakly which suggests that hydrophobic interactions are important in related to the sea urchin sperm protein bindin which binds to carbohydrate binding and indicates that APz exhibits lectinthe egg vitelline membrane (Jonakova et al., 1991) . Spermadlike properties. APz appears to be a major plasma membrane hesins are located on the apical portion of the sperm head protein regulating tight binding of acrosome-intact boar sperplasma membrane overlying the acrosome, consistent with matozoa to porcine ova.
prior findings on the topography of the porcine egg receptor on spermatozoa (Yurewicz et al., 1993) . They are derived from p105/45 p105/45 and p56-62 were isolated after disulphide bond secretions of the seminal vesicle epithelium and are added to the sperm surface at the time of ejaculation. These absorbed reduction of sperm membrane protein complexes of respectively, M r 130-170 and 56 000 kDa. The original complexes proteins are retained on the sperm surface as a result of their interaction with a major phospholipid component, phosphorylewere purified from detergent solubilized membrane proteins of boar spermatozoa by chromatography over native, particulate thanolamine (Dostalova et al., 1995a) . The structural determinants for lipid and carbohydrate binding lie on non-overlapping porcine zona pellucida glycoproteins (Hardy and Garbers, 1994) . The proteins in these complexes represent only a small domains of the molecules. Spermadhesins appear to be multifunctional proteins in that they exhibit both lectin-like binding fraction of total membrane protein and bind with high affinity to the porcine zona pellucida at physiological ionic strength.
of carbohydrates and heparin-binding activity or serine protease inhibitor binding capabilities (Sanz et al., 1992 (Sanz et al., , 1993 ; Calvete p56-62 exhibits only limited species specificity with regard to zona binding. On the basis of size, p56-62 could represent et al., 1995) . Heparin-binding proteins have been discussed above and inhibitors of serine proteases are released from GalTase, sp56 or PH-20. Species limited expression of these proteins has not been reported. In contrast, binding of p105/ spermatozoa in the female reproductive tract exposing surface zona binding sites . This suggests that 45 to heterologous zona (murine, bovine) and Xenopus laevis oocyte envelopes is not observed. p105/45 is likely to be a spermadhesins participate both in sperm-zona binding and earlier events regulating sperm capacitation. unique protein, as sequences from tryptic peptides do not match peptide sequences deposited in existing databases.
Spermadhesins can be purified by affinity chromatography on isolated zona glycoproteins (Hanqing et al., 1991) . AQNAlthough the carbohydrate specificities of p105/45 remain to be investigated, these data suggest that p105/45 is of 1, -2 and -3 bind fucoidin (Jonakova et al., 1991; . AQN-1 also binds acrosin inhibitors (Sanz et al., 1992) . physiological importance.
p105/45 has recently been cloned and renamed 'zonadhesin' By analogy with the proposed function of acrosin as a ZP2 binding protein (Jones, 1989 (Jones, , 1991 , these data suggest that (Hardy and Garbers, 1995) . Analysis of the deduced amino acid sequence of its precursor molecule indicates a multidomain AQN proteins are active in secondary binding to the zona pellucida. In contrast, the following characteristics of AWN structure. A single transmembrane segment separates a short basic intracellular carboxy terminal segment from a large suggest that this protein participates in the initial steps of sperm-egg recognition. AWN-1 synthesized by the rete testis extracellular region containing a mucin-like domain and 5 tandem repeated sequences which are homologous to D- is the only spermadhesin found on the surface of epididymal spermatozoa and may be a factor contributing to the fertilizing domains of prepro-von Willebrand factor (vWF). Zonadhesin is apparently synthesized in haploid spermatids and undergoes ability of such spermatozoa. Additional AWN molecules become absorbed to the sperm surface on ejaculation and proteolytic processing during epididymal transit or sperm capacitation to generate p105 and p45 as well as to remove AWN-1 remains preferentially bound to capacitated spermatozoa when other spermadhesins are released (Dostalova et al. , the amino terminal and mucin-like domains. The remaining vWF D-domains are postulated to mediate covalent oligomeriz-1994). AWN-1 can be detected on capacitated, zona-bound boar spermatozoa. Interaction of capacitated boar spermatozoa of the fucose-binding human sperm L-selectin molecule (see with isolated zona pellucidae can be inhibited by preincubation below) remains to be determined. As acrosin from a variety of zonae with purified AWN protein. Consistent with findings of species binds fucose ligands (Yanagimachi, 1994) , an in the mouse (Florman and Wassarman, 1985) , AWN-1 binds alternative possibility is that the L-fucose receptor of guinea to a minor fraction of O-linked carbohydrate chains of porcine pig spermatozoa is acrosin. The latter would be consistent zona pellucida glycoproteins (Hirano et al., 1993; Hokke et al., with data indicating that only acrosome-reacted guinea pig 1993, 1994; Dostalova et al., 1995b) . The basic structure of spermatozoa bind to the zona pellucida (Huang et al., 1984) . the preferred ligand is Gal-GalNAc Ϯ terminal NeuAc (sialic Posterior head antigen (PH)-20 acid) (Dostalova et al., 1995b) . AWN-1 molecules are present Posterior head antigen (PH)-20 is a surface protein which is on boar spermatozoa which bind to zona-encased oocytes inserted into the guinea pig sperm plasma membrane by at least (Dostalova et al., 1995b) . That these spermatozoa have the two separate mechanisms (Cowan et al., 1986) . Proteolytic capability to penetrate the zona suggests, again by analogy processing during epididymal maturation and sperm capacitwith findings from other species, that AWN-1 participates in ation is required for specific surface localization and formation the acrosome reaction. Alternatively, AWN-1 could serve of the active protein that comprise two disulphide-linked simply to anchor spermatozoa to the zona. However, AWN-1 fragments Phelps et al., 1990) . In is also capable of binding acrosin inhibitors (Sanz et al., 1992) , mature spermatozoa, PH-20 is located both on the sperm which suggests that this sperm surface molecule may have plasma membrane and on the inner acrosomal membrane. PHmore than one function. Further, that AQN-1 and AWN-1 both 20 is anchored via a GlPtdIns linkage (Phelps et al., 1988) . bind acrosin inhibitors suggests that a complex of molecules A role for PH-20 in guinea pig sperm binding to the egg is required to effect species specific fertilization. zona pellucida was first derived from findings that a monoclonal It is interesting to note that similar low molecular weight antibody to this sperm protein inhibited binding of spermatozoa zona binding proteins have been identified in a variety of of undetermined acrosomal status (Primakoff et al., 1985) . species including man . However, Studies with antibodies to other sperm surface antigens indialthough these proteins share antigenic epitopes with AWN-1, cated that they failed to elicit this inhibition and that PH-20 their topology on the sperm head differs in human and stallion may be complexed on the sperm surface with at least one spermatozoa. Thus, whether or not such proteins play a role other protein (Primakoff et al., 1985) . PH-20, however, is not in the binding of human and stallion spermatozoa to their required for the binding of acrosome-intact spermatozoa to the homologous zonae remains to be determined. zona pellucida . Competition studies with Guinea pig purified PH-20 indicate that PH-20 inhibits the binding to the zona pellucida of acrosome-reacted, but not acrosome-intact, Both acrosome-intact and acrosome-reacted guinea pig spermaguinea pig spermatozoa . Therefore, it tozoa can bind to the homologous zona pellucida must be noted that PH-20 migrates from one surface domain in vitro (Huang et al., 1981; (posterior head) to another (inner acrosomal membrane) in .
association with the acrosome reaction. At the same time, Only one of the two candidates for the guinea pig sperm proteolytic cleavage occurs and the number of PH-20 molecules zona receptor has been demonstrated to bind carbohydrates on the sperm surface is increased. The latter is consistent with and neither candidate shows species restricted expression. findings in somatic cells that cell adhesion requires a threshold Nevertheless, the changing patterns of protein localization density of functional surface molecules (e.g. Doherty et al., during spermatogenesis, epididymal maturation and the acro-1990). some reaction have been well studied (Myles and Primakoff, No homology is detected between PH-20 and any other 1984; Cowan et al., 1986 Cowan et al., , 1987 Cowan et al., , 1991 Phelps et al., 1988;  previously identified sperm surface egg binding protein Myles and Primakoff, 1997) . These studies provide strong evidence for barriers to protein/lipid diffusion in the guinea Lin et al., 1993) . PH-20 has a hyaluronidpig sperm plasma membrane. These studies also emphasize ase activity (Lin et al., 1994) which is homologous to that that when a sperm membrane protein is relocated it comes found in bee venom (Gmachl and Kreil, 1993) . In addition to in contact with different lipids or proteins that could alter zona binding, one suggested function for PH-20 on the posterior its function.
sperm head is thus to enable acrosome-intact spermatozoa to penetrate the cumulus layer in order to reach the zona pellucida L-fucose receptor (Hunnicutt et al., 1996) . Cumulus penetration and zona binding Both L-fucose and fucoidin, an algal molecule containing are likely to be independent functions as antibodies which sulphated L-fucose, are very strong inhibitors of binding of block sperm-zona binding have no effect on the hyaluronidase guinea pig spermatozoa to the guinea pig zona pellucida in activity of PH-20 and inhibition of hyaluronidase activity with comparison with a variety of other monosaccharides (Huang apigenin has no effect on sperm-zona binding (Hunnicutt et al., 1982) . Binding of human spermatozoa to the human et al., 1996) . This suggestion is consistent with the structure zona pellucida and of hamster spermatozoa to the hamster of PH-20. The hyaluronidase activity of PH-20 has been zona pellucida is also inhibited by fucoidin (Huang et al., localized to the N-terminal domain of the protein while the 1982). Therefore, it is likely that fucose is a part of a common active site involved in secondary binding to the zona is recognition signal regulating binding of mammalian gametes. Whether or not the hamster L-fucose receptor is a homologue localized to the C-terminal end. These domains are separated by proteolytic cleavage in association with the acrosome reaction in large aggregates in the medial aspect of the reaction Myles and Primakoff, 1997) .
equatorial region (Esaguy et al., 1988) . High affinity zona The gene encoding PH-20 is found by Southern blotting to binding is effected by the aggregated form of RSA (O'Rand be present in genomic DNA from mouse, rat, hamster, rabbit, et al., 1988) . This protein shares antigenic epitopes with the cow, monkey and man . PH-20 is found rat sperm galactose lectin (RTG-r) (Abdullah et al., 1991) . on the plasma membrane of spermatozoa from a variety of Purified rabbit testis galactose receptor is composed of two species including man (Lin et al., 1993 (Lin et al., , 1994 . However, in subunits, 54 and 49 kDa (Abdullah et al., 1991) . Purified rabbit contrast to the guinea pig, PH-20 is localized to the anterior testis galactose receptor readily binds heat solubilized rabbit or whole head in the mouse, macaque and man (Lin et al., zonae (Abdullah et al., 1991) . These data indicate that the 54 1994; Overstreet et al., 1995) and to the tail in the rat (Jones kDa RSA zona binding protein is one component of the rabbit et al ., 1990) . Expression of human PH-20 mRNA is restricted sperm galactose receptor. to the testis (Lin et al., 1993) . In mouse spermatozoa, PH-20 RSA (Sp17) is expressed as both a soluble form with the acrosomal matrix A 17 kDa rabbit sperm protein (Sp17), which is a member of which is released during the acrosome reaction and GlPtdInsthe rabbit sperm autoantigen (RSA) family, binds with high linked isoform which is present on the surface of acrosomeaffinity to rabbit zonae pellucidae and sulphated carbohydrates intact and acrosome-reacted spermatozoa (Thaler and Cardullo, when in an aggregated state . Native 1995). Similarly, cynomologus macaque spermatozoa exhibits Sp17, identified on Western blots following cross-linking of two forms of PH-20 hyaluronidase (Cherr et al., 1996) . In zona glycoproteins, effectively competes with capacitated rat addition, results from immunolabelling of fixed macaque spermatozoa for zona pellucida binding and Sp17-zona binding spermatozoa indicate that PH-20 is distributed over most of is strongly inhibited by complex sulphated carbohydrates the head of acrosome-intact spermatozoa and migrates to the including fucoidin, dextran sulphate, chondroitin-β sulphate inner acrosomal membrane after the acrosome reaction. This and dextran. Recombinant Sp17 exhibits similar properties suggests that this protein plays a role in primary or secondary (Richardson et al., 1994; Yamasaki et al., 1995) . These data, binding of macaque spermatozoa to macaque zona (Overstreet in conjunction with observations that cholesterol-3-sulphate et al., 1995). Thus, it may be hypothesized that PH-20 particihas only limited effects on binding of Sp17 to rabbit zonae, pates in a complex which regulates the species specificity of indicate that Sp17 functions as a rabbit sperm zona pellucida sperm-zona binding, but by itself, is not responsible for species binding protein. limited tight binding of gametes.
The deduced amino acid sequence of Sp17 exhibits three Rabbit important homologies with other protein sequences: (i) the amino terminus is 43% identical to human testis cAMPRabbit sperm-zona interaction is unusual for two reasons. dependent protein kinase type IIa regulatory subunit; (ii) the Firstly, although as in other species, acrosome-intact rabbit amino terminus also contains residues critical to the formation spermatozoa bind to the rabbit zona pellucida and then acroof the galactose binding domain of rat hepatic lectin (e.g. some react at the zona surface (Bedford, 1968 , 1972 ), acroHalberg et al., 1987 ; and (iii) there is a some-reacted spermatozoa recovered from the perivitelline domain which is extremely similar to the calmodulin binding space can also bind and penetrate additional zonae (Kusan site of neuromodulin (Richardson et al., 1994) . Thus, as et al., 1984) . Secondly, the numbers of spermatozoa penetrating observed in other species, it is likely that the rabbit sperm the zona and entering the perivitelline space is considerably receptor for the zona pellucida is a multi-functional, lectinhigher than that reported for other species, and is sometimes like protein. in the hundreds (Bedford, 1971; Overstreet and Bedford, 1974;  Ultrastructural mapping of fixed rabbit spermatozoa before Berrios and . and after the acrosome reaction demonstrates that Sp17 is Galactose residues on the rabbit zona pellucida may be the primary determinant regulating tight binding of rabbit localized and aligned along with actin under the plasma spermatozoa. Activation of rabbit spermatozoa is associated membrane Esaguy et al., 1988 ) with a larger increase in binding for galactose ligands in and suggests that cytoskeletal interactions are responsible for comparison with all other sugar ligands tested (see Figure 3C) . the limited lateral mobility of this antigen (O'Rand, 1982) . Both rabbit sperm surface proteins identified as exhibiting A reversible plasma membrane association is possible via zona ligand binding affinity specifically bind galactose.
interaction with palmitic acid (Richardson et al., 1994) . The Sp17 polypeptide appears closely associated with the inner Rabbit sperm autoantigen (54 kDa) aspect of the rabbit sperm apical plasma membrane and is Rabbit sperm autoantigen (RSA) is a membrane glycoprotein only accessible to antibodies after the initiation of the acrosome which exhibits lectin-like binding of sulphated, complex carboreaction (Richardson et al., 1994) . For Sp17 to function as a hydrates with high affinity . Lower zona binding protein, it is argued that rabbit spermatozoa begin affinity binding of monosaccharides, e.g. galactose, is also the acrosome reaction within the cumulus oophorus as the result observed. RSA is thought to be a 54 kDa protein which is of zona glycoprotein synthesis by granulosa cells (Richardson capable of zona binding as identified by zona blotting and that acrosome-reacted rabbit spermatozoa can et al., 1985) . In acrosome-intact rabbit spermatozoa, RSA is bind to the zona pellucida (O'Rand and Fisher, 1987) . Two localized over the post-acrosomal-equatorial region border (Esaguy et al., 1988) . RSA is relocalized after the acrosome lines of evidence support this argument. Firstly, although zona glycoprotein synthesis differs according to species of origin, cultured rabbit granulosa cells synthesize zona glycoproteins (Lee and Dunbar, 1993) . Secondly, it has been demonstrated that fluorescein isothiocyanate (FITC)-labelled, heat-solubilized rabbit zonae bind in patches along the apical ridge of the rabbit sperm head, consistent with early fenestration, and that such solubilized zonae will induce the acrosome reaction (O'Rand and Fisher, 1987) . Homologues for Sp17 can be found in mouse and human testis Naz and Ahmad, 1994; Kong et al., 1995) and immunization of female mice with synthetic peptides derived from the rabbit Sp17 sequence results in infertility O'Rand and Widgren, 1994) , raising the question of whether this protein participates in the regulation of species-limited binding to the zona pellucida. Here, an argument can be put forth that the specificity of zona binding by capacitated rabbit spermatozoa (O'Rand and Fisher, 1987) . et al., 1989) , a considerable body of evidence content. Note that the sites in the acrosome content to which now indicates that, for fertilization to occur, human spermato-RITC-PSA binds are progressively lost following exocytosis (Tesarik et al., 1993a) . zoa must be acrosome-intact when they bind to homologous zonae and must undergo an acrosome reaction after zona binding (for review see S. Benoff et al., manuscript submitted) .
human sperm surface strongly correlates with acrosome status (Figure 4 ; Benoff et al., 1993b Benoff et al., ,d, 1995c S.Benoff et al. , Sugar competition of sperm-zona binding, lectin binding specificities of the human zona pellucida, and direct detection manuscript submitted). Double labelling experiments demonstrate that mannose receptors first appear uniformly distributed of carbohydrate ligand binding sites on the sperm plasma membrane have indicated that human spermatozoa express over the acrosome cap. Binding of polyvalent mannosecontaining ligands induces receptor aggregation and translocasurface receptors for a variety of simple and complex saccharide moieties, including fucoidin , tion to the equatorial/post-acrosome region of the spermatozoa (S. Benoff et al., manuscript submitted) . This translocation is fucose (Tesarik et al., 1993b; Lucas et al., 1994) , fructose (Mori et al., 1993 ), GlcNAc (Brandelli et al., 1994 , and followed by induction of the acrosome reaction (Benoff et al., 1993c (Benoff et al., ,d, 1996a . That the time of induction of the acrosome mannose (Mori et al., 1989; Oehninger et al., 1991; Benoff et al., 1993c; Brandelli et al., 1994; Maymon et al., 1994 ) (see reaction is markedly decreased when polyvalent mannose ligands are mixed with D-mannose monosaccharide indicates Figure 3A ). Of these, the best studied receptor is that involved in mannose binding and is the only sugar ligand receptor that allosteric interactions between mannose carbohydrate recognition domains within a single mannose receptor contribwhose expression has been directly correlated with naturally occurring and drug-induced male infertility and with fertilizautes to receptor function (S. Benoff et al., manuscript submitted) . In addition, mannose receptor apparently forms a complex tion outcome following conventional IVF insemination (Tesarik et al., 1991; Benoff et al., 1993b Benoff et al., -d, 1994b Benoff et al., , 1995a Benoff et al., , 1996a  with non-nuclear progesterone receptors on the surface of capacitated human spermatozoa (Benoff et al., 1995b) , sug-S. Benoff et al., manuscript submitted; Hershlag et al., 1995 Hershlag et al., , 1996 .
gesting that in-vivo progesterone and zona pellucida ligand binding act in conjunction to produce the physiological acroMannose lectin some reaction. The level of non-esterified cholesterol in the sperm plasma Ejaculated human spermatozoa may require 3-5 h preincubation before they are capable of binding to native zonae membrane regulates the surface appearance of functional mannose binding sites ( Figure 5 ; Benoff, 1993; Benoff et al., pellucidae or recombinant ZP3 and undergoing an acrosome reaction after binding (White et al., 1990; 1993c,d) . While it is recognized that numerous biochemical changes occur during sperm capacitation (Benoff, 1993; Van Duin et al., 1994) . This latency in response is consistent with the time course of appearance of mannose ligand receptors Drobnis, 1993; Shi and Roldan, 1995; Zeng et al., 1996) , it is the efflux of cholesterol to external sterol acceptors which on the sperm surface during capacitation (Benoff et al., 1993b) . The topographical distribution of mannose receptors on the creates a state that thermodynamically favours the insertion of Figure 6 . Prospective analysis of 70 consecutive males undergoing an in-vitro fertilization (IVF) cycle. Two semen specimens were obtained from each patient prior to IVF. Motile spermatozoa populations were isolated and analyzed for mannose receptor expression both at the time of isolation and again after 18 h incubation in Ham's F-10 ϩ 30 mg/ml human serum albumin at 37°C in 5% CO 2 . Where sufficient numbers of spermatozoa were obtained (n ϭ 28), capacitated spermatozoa were assessed for mannose-stimulated acrosome loss. Both the increase in percentages of acrosome-intact spermatozoa capable of binding mannose ligands on their heads after capacitating incubation and the ability of capacitated spermatozoa to undergo an acrosome reaction upon exposure to mannose ligands directly correlate with the rate of Figure 5 . The diagram depicts the four stages in the expression of fertilization following conventional IVF inseminations (respectively, mannose lectins (MLs) on the surface of motile human
Pearson Product Moment Correlation, r ϭ 0.571, P Ͻ0.0001, and spermatozoa.
t-test, P Ͻ0.0016) (Benoff et al., 1996b; Hershlag et al., 1996; A.Hershlag and S.Benoff, unpublished observations). mannose receptors into the plasma membrane from subplasmalemmal stores. Anti-sperm antibodies and calcium ion channel These observations suggest that the mannose receptor is a lectin, as transition metal ions help to position amino acid blockers limit membrane cholesterol efflux and thus inhibit the appearance of mannose binding sites on the human sperm residues and regulate carbohydrate binding in a variety of plant and animal lectins (Sharon, 1993) . My laboratory has surface (Benoff et al., 1993a (Benoff et al., , 1994b (Benoff et al., , 1995a Hershlag et al., 1996) . investigated the structure of the human sperm surface mannoseligand binding site through analysis of its effector specificities, In both retrospective, blinded analyses (Benoff et al., 1993b (Benoff et al., ,c, 1994b (Benoff et al., , 1995a (Benoff et al., , 1996a and for the first time in blinded, by reaction with specific polyclonal and monoclonal antisera, and by cDNA sequence analysis (Benoff et al., 1992a,b, prospective analyses (e. g. see Figure 6 ; Benoff et al., 1996b; S.Benoff et al., manuscript submitted; Hershlag et al., 1996 Hershlag et al., ), 1993a Hershlag et al., ,d-f, 1994a Hershlag et al., , 1996b S.Benoff, unpublished observations) . The results from these studies indicate that this putative zona my laboratory has demonstrated that the fractional increase, following capacitating incubation, in the percentages of acroacceptor shares the amino acid sequence and ligand binding characteristics of the conserved carbohydrate recognition some-intact spermatozoa capable of binding mannose ligands, such as mannosylated bovine serum albumin ('Man-FITCdomain (CRD) common to a family of membrane-bound and soluble mannose-specific lectins (Drickmer, 1989; Taylor et al., BSA') ; (Figure 7A ), and the ability to undergo mannosestimulated acrosome loss are predictive of the rate of fertiliza-1992). It is therefore unlikely that the CRD of the human sperm mannose lectin would behave as a 'self' antigen. tion of mature oocytes following insemination in vitro. These data support the argument that human sperm mannose receptors The contention is supported by observations indicating that naturally occurring antisperm antibodies in the sera of immune contribute to the initial adhesion of spermatozoa to egg. That mannose-containing ligands on the human zona pellucida are infertility patients (both men and women) fail to react with the mannose lectins expressed on the surface of capacitated involved in species-limited tight binding of gametes is further supported by the failure to detect naturally occurring antihuman spermatozoa (Benoff et al., 1993a (Benoff et al., , 1995b . These data on the structure of the human sperm mannose sperm antibodies to mannosyl-terminated antigens in the sera from female immune infertility patients (Cooper and Bronson, lectin also provide a basis for speculation on the nature of the specific oligosaccharides on the human zona pellucida with 1990; Cooper et al., 1991) , as this could result in autoimmune disease.
sperm binding activity that are recognized by this marker.
Other C-type mannose lectins have been reported to be 'coreHuman sperm mannose receptors require calcium to bind tightly to mannose-containing ligands (Benoff et al., 1993b) specific', recognizing not only terminal sugars but also those within the core region of an oligosaccharide (Summerfield and and surface expression of mannose receptors is highly correlated with the level of zinc in seminal plasma (1996b) . Taylor, 1986; Taylor and Summerfield, 1987; Childs et al., S.Benoff Figure 7 . The topographical distribution of the binding of fluorescein-conjugated polyvalent mannose ligands on the surface of motile human spermatozoa (A, ϫ600 original magnification) was compared with that detected by indirect immunofluorescence of anti-myosin (B, ϫ400 original magnification) and anti-actin (C, ϫ400 original magnification) antibodies. Antibody labelling was performed following permeabilization of unfixed human spermatozoa (Benoff et al., 1996a; S.Benoff et al., manuscript submitted) . Labelled spermatozoa were photographed on 400 ASA film with a 50 s exposure time. Mannosylated BSA and anti-cytoskeletal antibodies exhibit similar distributions over the spermatozoa head: over the acrosome cap (pattern II; large arrow) and limited to the equatorial segment (pattern III: small arrow). Double labelling with rhodamine-conjugated Pisum sativum agglutinin, which stains acrosome content (Cross et al., 1986) , has revealed that pattern II binding occurs on acrosome-intact human spermatozoa while pattern III is observed on spermatozoa which have undergone an acrosome reaction (Benoff et al., 1993b (Benoff et al., ,d, 1996a (Benoff et al., , 1997a S.Benoff et al., manuscript submitted). 1990). These findings suggest that mannose need not be a reactivity or sperm head actin also exhibit a reduced ability to terminal residue of the glycoconjugates of human ZP3 in order undergo spontaneous and induced acrosome loss (Benoff et al. , to regulate the initial steps in species specific tight binding of 1996a, 1997a). These data support the argument that actinhuman gametes.
myosin-like interactions are involved in the rearrangements of Analysis of the deduced amino acid sequence of the human proteins in the human sperm head plasma membrane and sperm mannose lectin indicates that, as in other species, induction of the acrosome reaction. this putative zona binding molecule is multifunctional. Its α-D-Mannosidase cytoplasmic tail contains a binding/hydrolysis site for ATP Despite the findings described above, it is also possible that and two actin binding motifs, all of which exhibit both mannose-based human sperm-egg interactions could theoreticantigenic and sequence homology to those found in the globular ally be mediated, at least in part, by carbohydrate binding head of skeletal muscle myosin ( Figure 7B ; Benoff et al., enzymes. Another laboratory has described an α-D-mannosid1994a, 1996a). A superfamily of human sperm plasma memase activity associated with the human sperm plasma membrane brane proteins containing similar cytoplasmic 'myosin motors' (Tulsiani et al., 1990) which is similar to those of rat and was identified during the course of this analysis (Benoff mouse sperm plasma membrane (Tulsiani et al., 1989; Cornwall et al., 1994a Cornwall et al., , 1996a . This discovery raises the possibility that et al., 1991) and can be differentiated from the acidic α-directed movement and clearance of these molecules from the mannosidase activity associated with the acrosome (Tulsiani apical plasma membrane prior to the acrosome reaction is et al., 1990) . The effector specificities of this membrane-bound controlled by interaction of their myosin motors with undermannosidase activity and that of the mannose lectin described lying actin (Benoff et al., 1997a; S.Benoff, unpublished obser- above differ significantly, such that one could not readily be vations).
confused for the other. Mannose lectins share characteristics with actin binding This enzyme has only been studied in freshly isolated human proteins of somatic cells (for review see Isenberg, 1991) , in spermatozoa. Despite generalizations from data obtained in that their expression on the sperm surface is regulated by the mouse (see above), there is no direct evidence that the membrane fluidity changes (Benoff, 1993; sperm surface-associated α-mannosidase regulates interactions 1993a,c,d, 1994b, 1995a, 1996a) . Actin is readily detected in between human gametes. In fact, an argument against an the unfixed permeabilized human sperm head by indirect important role for this enzyme in human sperm-zona binding immunofluorescence cytochemistry ( Figure 7C ; Benoff et al., rests in the fact that only 5% of its total activity is found 1997a). Other laboratories have reported that cytoskeletal actin tightly associated with sperm plasma membrane fractions participates in antigen redistribution associated with induction (Tulsiani et al., 1990) . of the acrosome reaction (Feuchter et al., 1996; Ochs et al., hu9 1986 ) and disruption of actin filaments with cytochalasin D A 95 kDa antigen is localized to the equatorial segment reduces the number of human spermatozoa capable of penetratof acrosome-intact human spermatozoa and shares antigenic ing zona-free hamster ova (Rogers et al., 1989) , an event epitopes with hamster spermatozoa (Moore et al., 1987) . A requiring prior acrosome loss. Recent findings demonstrate monoclonal antibody, mAB 97.25, that reacts with this antigen that human spermatozoa which exhibit reduced expression of either plasma membrane proteins with anti-myosin antibody prevents human sperm binding to the zona pellucida of salt-stored human oocytes (Moore et al., 1987) . It is possible that this antigen is the 94 Ϯ 3 kDa autophosphorylating protein of human spermatozoa which has been independently identified (Naz et al., 1991a) and which may be identical with fertilization antigen-2 (FA-2) of human spermatozoa . Both the 94 Ϯ 3 kDa antigen and FA-2 have been localized to the acrosomal region of the human sperm head using indirect immunofluorescence with an anti-phosphotyrosine monoclonal antibody. Phosphorylation of this protein is increased during human sperm capacitation (Naz et al., 1991a; Luconi et al., 1996; Emiliozzi and Fenichel, 1997) and is further stimulated by exposure to zona pellucida glycoproteins (Naz et al., 1991a) . Binding of this 94 Ϯ 3 kDa protein to ZP3 apparently involves its phosphotyrosine residues, as it can be eluted from ZP3 in the presence of excess o-phospho-L-tyrosine (Naz and Ahmad, 1994) . The 95 kDa/94 Ϯ 3 kDa/FA-2 protein described above may have been independently identified as hu9 . hu9 is a potential human sperm homologue of mouse spermatozoa p95 (see above). cDNA sequencing indicates that hu9 is a transmembrane protein which exhibits no homology with hexokinase. Indirect immunofluorescence analysis with mAB 97.25 (Moore et al., 1987 ; see above) localizes hu9 to the surface in the acrosomal region of capacitated human spermatozoa and autophosphorylation of hu9 is stimulated by capacitation and by exposure to human ZP3, characteristics which are shared with the 94 Ϯ 3 kDa human sperm protein described above. In competition studies, synthetic peptides to its extracellular region inhibited human an unlikely candidate for a receptor regulating species specific following previously described protocols (Naz et al., 1991a) . Briefly, tight binding of gametes.
motile spermatozoa populations were isolated by swim-up and divided in half. One half was used to measure phosphotyrosine
The possibility exists, however, that hu9 is part of a complex accumulation in the fresh isolate (CONTROL). The other half was which regulates sperm-zona interaction and/or subsequent kinases (S.Benoff, unpublished observations) raising the posrequired for acrosome exocytosis (Pillai and Meizel, 1991; Llanos et al., 1993) . Therefore, a possible role for such trypsin sibility that either this lectin is directly complexed with hu9 on the sperm surface or that cross-talk between mannose inhibitor binding sites in human sperm-egg interactions lies in regulation of signal transduction after zona binding. lectins and hu9 occurs via the cytoskeleton. In the mouse, cytoskeletal-associated sperm membrane proteins become 15 kDa phosphorylated during capacitation and induction of the acro-A human sperm homologue of the mouse spermatozoa 15 kDa some reaction (Visconti et al., 1996) . protein may exist. A 20 kDa component of the human sperm head plasma membrane apparently recognizes the murine β-1,4-galactosyltransferase Whether or not human spermatozoa express a GalTase activity trypsin-acrosin inhibitor and immunoaggregation of bound inhibitor can induce the acrosome reaction in capacitated has been previously debated (Tulsiani et al., 1990) . However, recent data suggest that a human sperm associated GalTase, human spermatozoa (Boettger-Tong et al., 1993) . However, the ability of this protein to block human sperm-zona binding with biochemical characteristics similar to those of mouse sperm GalTase, segregates with the plasma membrane when in a hemizona assay has not been tested and no reports have appeared documenting defective 15 kDa protein expression in spermatozoa are vortex fractionated (Huszar et al., 1997) . Its role in human sperm-zona pellucida binding has been assessed human male infertility. Therefore, the role of this protein in tight binding of human spermatozoa to the human zona only indirectly (Huszar et al., 1997) . Surprisingly, immature spermatozoa containing residual cytoplasm and which lack pellucida is questionable. zona binding ability overexpress GalTase when compared with Galactose lectin mature spermatozoa. Nevertheless, these findings still do not Human testis and spermatozoa express a 50 kDa protein which rule out a more generalized role for GalTase in human spermis antigenically related to galactosyl lectin found on rat egg interactions. In man, expression of a GalTase allelic variant (RTG-r) and rabbit spermatozoa (Goluboff et al., 1995) . This is observed in a population of human males whose spermatozoa lectin is postulated to be testis-specific as Northern blotting fail to penetrate zona-free hamster ova (Humphreys-Beher and experiments indicate that expression of the RNA encoding the Blackwell, 1989), presumably due to the failure to undergo human homologue of RTG-r is restricted to the human testis the acrosome reaction. Antibodies to sperm surface GalTase (Goluboff et al., 1995) . This galactosyl receptor is localized to may play a role in the aetiology of human male immune the head plasma membranes overlying the acrosome (Goluboff infertility (Humphreys-Beher et al., 1990) . Thus, human sperm et al., 1995) . Its role in tight binding of human spermatozoa surface GalTase may be part of a recognition system common to the human zona pellucida and/or induction of the acrosome to mammalian gametes. reaction after zona binding has not been directly assessed. Thus, there is no compelling evidence that this 50 kDa protein Trypsin-like enzyme The human sperm surface, like that of the mouse, is capable plays an important role in the species specific interaction of human gametes. of specific binding of trypsin inhibitors. However, in contrast to findings in the mouse, trypsin inhibitors have no effect on The human sperm galactose receptor shares at least two biochemical characteristics with the mannose lectin described human sperm-zona binding (Llanos et al., 1993) . Rather, these agents block the zona-and follicular fluid-induced acrosome above and with selectins (see below): (i) a calcium-dependency of carbohydrate ligand binding; and (ii) a requirement for nonreactions by preventing the increase in intracellular calcium sperm surface, suggesting that human spermatozoa possess specific receptors for fucose (Tesarik et al., 1993b) . Using fucosylated-BSA conjugated to a fluorescent tag, these receptors were localized to the acrosome region of the head of acrosome-intact spermatozoa and the percentages of spermatozoa capable of binding this ligand increased in association with capacitation (Tesarik et al., 1993b) . As immunoreactive acrosin is observed on the sperm plasma membrane early in the induction of the acrosome reaction (Tesarik et al., 1988) , it was initially suggested that this fucose receptor could be acrosin (Tesarik et al., 1993b) . However, the involvement of fucose receptors unrelated to acrosin could not be excluded.
Further studies have established that fucose-containing ligands, such as fucoidin, block both human sperm-zona binding and the zona-induced acrosome reaction Mahoney et al., 1991) . Fucoidin is a structural analogue of both the sulphated carbohydrate ligands that bind to selectins (Patankar et al., 1993) and blood grouprelated antigens found on the surface of the human zona pellucida (Lucas et al., 1994) . It is therefore not surprising that glycodelin (ϭ human placental protein 14), which contains oligosacchride chains that can function as selectin ligands (Dell et al., 1993; Varki, 1994) , and purified blood group antigens terminating in fucose, reduce the capacity for tight binding of human spermatozoa to the human zona Clark et al., 1995 Clark et al., , 1996a . Consistent with this data, monoclonal anti-L-selectin ('leukocyte selectin') antibodies have identified a 90 kDa human sperm protein which is localized to the sperm head . Pretreatment of spermatozoa with these antibodies blocks tight binding of human spermatozoa to the zona pellucida under hemizona conditions . Whether this Lselectin-related protein regulates species specific gamete interactions may still be questioned as L-fucose is found on the that play a role in the regulation of inflammation and the (Goodwin et al., 1997) . Labelled spermatozoa were viewed at ϫ600 immune response (McEver, 1994) . In all cases, ligand binding (Erbe et al., 1992; McEver, 1994) . epifluorescence optics.
Both selectins and mannose lectins recognize 'clustered saccharide patches' (Varki, 1994; Taylor et al., 1992 ; S.Benoff ionic detergents for release from sperm membranes (Goluboff et al., manuscript submitted) . Mannose lectins are also capable et al., 1995) . Mannose ligand binding by mannose lectins can of binding fucose (Summerfield and Taylor, 1986 ; Taylor and be partially inhibited by high concentrations of D-galactose Summerfield, 1987; Childs et al., 1990; Taylor et al., 1992; (Summerfield and Taylor, 1986) . A few simple amino acid Iobst et al., 1994b) . Thus, the mannose lectin may have been changes in the carbohydrate recognition domain of mannose misidentified as a selectin. lectins result in the acquisition of high affinity galactose
The role of sperm surface L-selectin-related protein in human binding Iobst and Drickamer, 1994b) . In male infertility has never been directly studied. the absence of amino acid sequence data, the possibility that the mannose lectin has been misidentified as a galactose lectin Fertilization antigen-1 cannot be ruled out.
Fertilization antigen-1 (FA-1) is an antigen that is implicated in the generation of involuntary human immunoinfertility (Naz, L-selectin 1987a) . FA-1 has been localized on the human sperm surface Solubilized human zona pellucida glycoproteins compete with a fucosylated-BSA ligand for binding sites on the human using monoclonal antibodies (Naz et al., 1992) . All spermato-zoa exhibit antibody binding on their midpiece and tail regions. three-dimensional structure), expression of lectins or enzymes on sperm plasma membranes, or possibly both. Whichever Additionally, 20-40% of spermatozoa exhibit antibody binding on the post-acrosome region of the head. This same antibody occurs, initial recognition of an egg by spermatozoa appears to initiate a train of changes in the sperm head: aggregation blocks human sperm-zona pellucida binding but has no effect on sperm movement characteristics or on the acrosome reaction.
of apical sperm head membrane proteins, translocation of some of these (and possibly other) proteins to the equatorial region FA-1 exists in the form of a monomer of 23 kDa and/or a dimer of 51 kDa (Naz, 1988) . The 51 kDa form exhibits of the sperm head, and induction of a calcium influx leading to an acrosome reaction. The chemical effectors of these events autophosphorylating activity in an in-vitro kinase assay. As observed for the 94 Ϯ 3 kDa human sperm antigen described are not well characterized. Limited proteolysis of these proteins may be involved in the generation of functional zona binding above, the phosphotyrosine residues of FA-1 appear to regulate binding of human zona glycoproteins (Naz and Ahmad, 1994) .
sites on the sperm surface. Interactions with cytoskeletal actin may facilitate surface protein movement. Tyrosine phosphoThe sulphhydryl groups of FA-1 may also be important in sperm-zona binding (Naz and Ahmad, 1994) .
rylation occurs following zona binding in all species studied thus far. There is some evidence that G-proteins and cAMP Whether or not FA-1 regulates the tight binding of human gametes is in doubt for several reasons. Firstly, it has not been are involved in early secondary signalling events initiated by ZP3 binding. demonstrated whether FA-1 binds to carbohydrate or protein ligands of the zona. Secondly, human FA-1 readily binds Is sperm cytoskeleton involved in the events between the initial adhesion of spermatozoa to egg and secondary binding porcine ZP3 and bioneutralizes the boar sperm binding activity of the porcine zona pellucida (Naz et al., 1991b) . Thirdly, of spermatozoa to ZP2? Speculation on this question is based on results from immunocytochemistry and a cell-free system antibodies to human FA-1 inhibit the binding of acrosomeintact mouse and rabbit spermatozoa to their homologous in which polymerization and depolymerization of actin was observed Saxena et al., 1986b; zonae (Naz et al., 1984; Naz, 1987b Naz, , 1990 . Fourthly, antibodies to FA-1 markedly reduce the number of human spermatozoa Peterson et al., 1990; Spungin et al., 1995; Benoff et al., 1996b; Visonti et al., 1996) . Sperm capacitation requires changes in fusing with zona-free hamster ova (Naz et al., 1992) . Thus, the exact role of FA-1 in human (mammalian?) fertilization intracellular pH, calcium content and plasma membrane protein expression (including zona binding proteins) and efflux of remains to be defined.
cholesterol from the plasma membrane. A time-dependent Common features of sperm surface zona binding increase in polymerized actin associated with plasma membrane proteins proteins is also observed. The initial zona ligand binding event activates protein clearance from the periacrosomal plasma Although it is clear that the sugar binding affinities of the membrane, G-protein signalling, with subsequent phosphorylasperm plasma membrane differ among species (Table III; tion of sperm proteins including phospholipase C (PLC). In a Figure 3) , the results obtained from the studies described above manner similar to that observed in somatic cells, phosphorylaindicate that sperm surface zona binding proteins have five tion may induce a conformational change in PLC so that it may features in common. Firstly, irrespective of whether a candidate now be transferred from the cytosol to the actin cytoskeleton. zona receptor is an integral sperm plasma membrane protein Calcium influx would simultaneously occur. Under conditions or is only peripherally attached, it is distributed on the sperm of increased calcium, PLC activity would prime membranes head over the acrosome cap. Secondly, the number of candidate for fusion by breakdown of phospholipids to produce the zona receptor molecules found in this region is increased in fusogenic compound diacylglycerol and additionally liberate association with sperm capacitation. Thirdly, such molecules actin-severing proteins. The actin severing-proteins would then exhibit lectin-like binding of carbohydrates: they are not induce actin depolymerization, thereby removing the barrier immunoglobulins, they bind ligands in a non-enzymatic fashto membrane fusion. Specific fusion of the plasma and outer ion, and they exhibit a preference for polyvalent ligands but acrosomal membranes would occur in the presence of local may or may not agglutinate erythrocytes. Fourthly, candidate elevations in calcium. Following acrosome exocytosis, sperm zona receptors which are integral membrane proteins exhibit proteins such as acrosin could effect secondary, tight binding an association with the sperm cytoskeleton. Fifthly, ligand or to the zona pellucida. This provides an explanation of how antibody binding leads to aggregation and clearance from the protein clearance and membrane fusion occur in response to an acrosome cap region. This movement is associated with signal initial recognition event. This hypothesis is eminently testable. transduction, potentially via tyrosine phosphorylation, and A relatively large number of sperm surface proteins have initiation of the acrosome reaction.
been implicated in these initial egg recognition events. Over 20 have been reported for the six mammalian species reviewed
Conclusions
here. Their characterizations are still very incomplete, and some may be shown to be functionally equivalent by future Cell-cell recognition by mammalian gametes clearly involves oligosaccharide modification of conserved proteins. The bindexperiments, or to have multiple functionalities not presently recognized. However, the data available to date does not ing of spermatozoa to egg is a biphasic process of non-specific, loose attachment followed by species-specific tight binding.
support the supposition that a single sperm protein, however modified, can be responsible for the various species-specific Species specificity of gamete adhesion may involve derivatization of zonae (both in terms of glycan composition and glycan recognition events of all mammals. within such a complex could easily be attributed to them. 
